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ABSTRACT 
The mAb 2A labels Drosophila embryos in a novel, dynamic staining pattern that 
identifies a nuclear meshwork during interphase, which is remodeled to form a spindle 
structure at metaphase. This intriguing pattern made the antigens recognized by mAb 2A 
interesting targets for cloning and analysis. Skeletor was found to be encoded by a complex 
locus. Two alternatively spliced transcripts from the Skeletor locus were identified, 
Orflb/Orf2 and Orfl a. Orflb/C>rf2 has an unusual structure, containing two overlapping 
open reading frames with coding potentials of 87 kD and 81 kD respectively. Analysis of 
Orf2 amino acid content reveals overall high proline content, several low complexity regions, 
and a bipartite nuclear localization signal. Nuclear localization was confirmed by generating 
Skeletor-specific antibodies, resulting in a staining pattern that closely recapitulates the 
original mAb 2A staining pattern. As well, staining of whole mount salivary nuclei and 
immunolabeling of polytene chromosome squashes suggest that Skeletor is chromatin 
associated in interphase nuclei. Triple-labeling studies comparing the localization of 
Skeletor, chromatin, and microtubules indicate that Skeletor spindle formation may precede 
that of the microtubule spindle apparatus. Perturbation of Skeletor structures using the anti-
Skeletor mAb 1A1 showed an effect on nuclear morphology and division. These 
observations led to the hypothesis that Skeletor protein forms a nuclear structure that 
dynamically reorganizes during the cell cycle, and may act both as an organizing guide or 
scaffold for the microtubules and as a determinant of nuclear morphology. Orfl a is a 
truncated form of Orfl b/Orf2, encoding a protein of 31 kD, which contains a transmembrane 
spanning domain and an N-terminal repeat of 102 amino acids. Antibodies show the Orfl a 
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protein localizes to a reticulated meshwork in the cytoplasm. Interestingly, Orfl appears to 
have homologues in at least two species, and based on homology within the Drosophila 
genome and with other species, the repeat motif may define an as yet uncharacterized family 




Structure is intimately related to function. It is becoming increasingly clear that the 
nucleus is highly structured and that the nuclear architecture and organization itself is 
responsible not only for the structures involved in both interphase and mitotic nuclear 
configuration, but also for gene expression. Understanding in molecular detail the organizing 
principles of the nucleus is one of the major goals in cell biology (Lamond and Eamshaw, 
1998). The Skeietor protein, the focus of the work presented here, is a promising candidate 
for a nuclear architecture protein, involved potentially in both structural and functional 
aspects of the nucleus. During interphase Skeietor is localized to a thin band at the perimeter 
of the nucleus, and as well is associated closely with the chromatin itself. At the onset of 
prophase, these structures reorganize into linear arrays that become focused into a discrete 
spindle structure, shown to be clearly distinct from the microtubule spindle. The observations 
described within this work have led to the hypothesis that Skeietor plays a dual role in the 
cell. During interphase Skeietor may be juxtaposed at the surfaces of the chromosome 
territories together with interchromosomal channel domain (ICD)/nuclear matrix proteins, 
and is reorganized at prophase to perform a role as a scaffold or guide for the microtubule 
spindle during mitosis. Thus Skeietor is a newly identified protein that we propose is 
involved in the organization of the nucleus at all stages of the cell cycle, based on the 
observations that: a) Skeietor forms a spindle that appears to precede the microtubule 
spindle, b) The Skeietor spindle persists after treatment with nocodazole, when the 
microtubules have completely disassembled, c) Skeietor apportions to the highly insoluble 
nuclear matrix fraction in biochemical extractions, d) Skeietor is associated with the 
chromatin and nuclear lamina region at interphase, and e) Antibody perturbation 
experiments show that disruption of Skeietor results in abnormal nuclear morphology and/or 
disrupted cell division. 
Over one hundred years ago, early cytologists such as Rabl and Boveri proposed the 
concept of a territorial chromosome organization within the nucleus, but the idea was not 
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widely accepted, and the view of the nucleus as a bag of nucleoplasm containing chromatin 
fibers became the popular view (Cremer et al., 1993). Only the nucleolus was considered a 
separate compartment or "organelle", with all other processes such as replication, gene 
expression, and RNA processing and transport occurring randomly throughout the nucleus. 
In the 1960's and 1970's, ultrastructural studies pointed towards the nucleus as containing an 
elaborate non-chromatin infrastructure upon which the functions of DNA replication, 
transcription, and RNA processing seemed to localize. This non-chromosomal, three-
dimensional skeletal structure was termed the "nuclear matrix" (Berezney and Coffey, 1974). 
Procedures for nuclear matrix isolations were based on the sequential treatment of isolated 
nuclei with nuclease digestion, detergent, and high salt extraction (Berezney and Coffey, 
1974; Berezney and Coffey, 1977). These isolated nuclear matrices were shown to maintain 
the major architectural features of the nucleus, including tightly bound RNA, and to preserve 
the structures of the nuclear lamina and pore complexes, residual nucleoli, and the 
fibrogranular internal matrix (Berezney, 1991). It was also demonstrated that the chromatin 
fibers, which are organized into domains or loops, are attached to a proteinaceous scaffold 
via DNA sequence elements called matrix attachment regions (MARs) or scaffold attachment 
regions (SARs) that remain bound to the extracted nuclear preparations (Mirkovitch et al., 
1984). Interaction with the matrix is based on structural features of the DNA, involving AT-
rich sequences 100-1000 bp in length. Although biochemical analysis of prepared nuclear 
fractions have shown that many nuclear proteins, RNAs, and DNA sequence elements remain 
bound to the matrix, little is known about the core structure itself. The development of 
preparations that retain RNAs, as well as electron microscopy techniques using unembedded 
whole mounts (Capco et al., 1984) or resinless sections (Fey et al., 1986) revealed the 
nucleus to be a network of anastomosed filaments. Although electron microscopy has 
revealed these "core filaments of the nuclear matrix" (He et al., 1990), the protein 
composition of these filaments remains elusive, and antibodies against various matrix 
fractions have typically shown labeling of only a subset of foci or elements within the matrix, 
but not a network of filaments. Most of the proteins that have been identified have not been 
structural, skeletal-like proteins, but instead have been identiHed as having roles in mRNA 
metabolism (Mattem et al., 1996). These facts have caused skepticism about the existence of 
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an actual static nucleoskeletal framework as an organizing scaffold within the nucleus, with 
many calling the nuclear matrix simply artifact. As E>r. R. Berezney stated the major issue in 
the field of nuclear structure, " Is the nuclear matrix an independent skeletal structure in the 
nucleus which determines three-dimensional organization and functioning of chromatin and 
ribonucleoproteins, or is the matrix simply the "phenotypic expression" of nuclear functions 
with no independent existence devoid of function?" (Berezney, 1991). Many favor a middle 
ground, in which the matrix is seen as a dynamic structure responding to gene expression. It 
has been suggested that the elements isolated in biochemical nuclear matrix fractions or seen 
in immunocytochemical preparations are actually "chemical footprints" of the many transient 
protein-protein or protein-nucleic acid associations dynamically changing with gene 
expression (Pederson, 1998). 
Recent work in the nuclear structure Held has brought about a synthesis of the 
evidence implicating a nucleoskeletal nuclear matrix as the organizing force, with the idea of 
chromatin territories as nuclear organizers (Cremeret al., 1993; Paddy, 1998; Razin and 
Gromova, 1995; Strouboulis and Wolffe, 1996; Wasser and Chia, 2000; Zimowska et al., 
1997; Zirbel et al., 1993). What has been proposed is a model predicting that the surfaces of 
chromosome territories and the space between them, called the interchromosomal domain 
compartment (ICD) (Cremer et al., 1993; Zirbel et al., 1993), provides a matrix region for 
mRNA metabolism, gene expression, and nuclear transport (Paddy, 1998). Different regions 
of the nucleus, the chromosomes, nucleolus, and the nuclear pore complexes would have 
functional connections through networks of filamentous proteins such as TPR, lamins, and 
probably others. These proteins, together with the surface of the chromosomes would 
provide channels, pathways or tracks for molecular exchanges (Paddy, 1998; Razin and 
Gromova, 1995; Zimowska et al., 1997). These ICD's, also called the extrachromosomal 
channel network (Zachar et al., 1993), would provide regions in which to concentrate the 
enzymatic factors involved in DNA replication, mRNA transcription and splicing, and 
molecular transport (Cremer et al., 1993). Both sites of replication, and more than 92% of 
the "speckle" domains known to play a role in RNA splicing, assembly, and storage of 
splicing components have been localized to the surfaces of chromosome territories (Kurz et 
al., 1996; Zirbel et al., 1993). Dependent on the density of the various enzymatic 
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multiprotein complexes, labeling of specific components located within the ICD 
compartment may or may not appear as an interconnected fibrous meshwork (Cremer et al., 
1993). 
A model in which the surfaces of the chromosomes are liiied with nuclear matrix 
proteins has support from various research groups (Razin and Gromova, 1995). One protein 
that may be involved in this Hlamentous network is nuclear lamin. It was previously found 
that the core filaments detected in chromatin depleted nuclear preparations reacted weakly 
with pan-intermediate filament antibody, and that nodes on this network are clearly labeled 
by anti-lamin A and B antibodies (Hozak et al., 199S). More convincingly, Hlaments 
extending from the inner face of the nuclear pore complexes into the nuclear interior and 
nucleolus have been found to contain Nup 153 and the TPR protein (Cordes et al., 1993; 
Cordes et al., 1997). It has been proposed that these intranuclear filaments form part of the 
ICD network, lining the channels and acting as tracks in mRNA export (Bangs et al., 1998; 
Paddy, 1998). As well, the Drosophila protein EAST (enhanced adult sensory threshold) has 
been recently described as a component of an expandable extrachromosomal nuclear domain. 
EAST has been proposed to "regulate a dynamic nuclear endoskeleton that can recruit other 
nuclear proteins and modulate the spatial configuration of chromosomes" (Wasser and Chia, 
2000). EAST researchers showed that specific antibodies to EAST labeled a meshwork-like 
nuclear endoskeleton encompassing the nuclear interior but excluding the chromosomes and 
nucleolus. This endoskeleton is dynamic, and appears to expand during heat shock 
overexpression experiments. As well, EAST was found to recruit other nuclear proteins such 
as CP60 and nuclear actin to this domain (Wasser and Chia, 2000). CP60 was originally 
observed within Drosophila interphase nuclei together with the protein CP190 in what 
appeared to be an intranuclear network, and further these proteins co^actionated with the 
nuclear matrix in biochemical preparations (Oegema et al., 1997). The pattern of these two 
proteins is spatially non-overlapping and as well, not coincident with the DNA staining. 
CP 190 and CP60 were shown to localize in an alternating asynchronous pattern to the 
pericentriolar material and to a fibrous structure within the interphase nucleus that persists 
during metaphase (Oegema et al., 1997). Taken together with the findings of recruitment of 
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CP60 and actin by the EAST protein, this fibrous network may define an extrachromosomal 
endoskeleton, likely to include other as yet unidentified component proteins. 
At the time of nuclear envelope dissolution, many proteins relocalized from their 
positions within the nucleus or from the chromatin and associate with various zones within 
the mitotic spindle, likely playing some role in either the structure or regulation of the mitotic 
process. One class of molecules that displays this "dual citizenship" are the so-called 
passenger proteins, that relocate from the nuclear matrix to the chromosomes to the spindle 
apparatus (Eamshaw and Mackay, 1994). Example of these proteins are the INCENPs 
(Cooke et al., 1987), and CENP-E (Yen et al., 1991), which are thought to regulate 
kinetochore functions. Other proteins that have been found to be nuclear matrix associated 
migrate to the spindle pole regions after nuclear envelope breakdown, such as NuMA 
(Lydersen and Pettijohn, 1980), B1C8 (Wan et al., 1994), Mitosin/CENP-F (Zhu et al., 1995) 
and mAB5E3 antigen (Compton et al., 1991). These nuclear matrix proteins demonstrate a 
speckled or diffused pattern during interphase, and then target the spindle poles upon entry 
into mitosis, where they may play a role in stabilization of the microtubule spindle. The 
characterization of the mechanisms by which these proteins are signaled and subsequently 
redistribute both at the onset of mitosis and during mitosis is an area of research that still 
remains a significant challenge. 
Perhaps the prototype for proteins that play functional and/or structural roles in the 
interphase nucleus as well as in the process of mitosis is NuMA. The Nuclear Mitotic 
Apparatus Protein, a 236 kD protein first detected in human autoantibody studies on human 
cells, displays a nuclear localization at interphase and then relocalizes to the spindle poles of 
the mitotic apparatus at metaphase (Lydersen and Pettijohn, 1980). It was first theorized 
that NuMA could bind specifically to both chromosomes and the mitotic spindle poles. Since 
the pole regions are the sites of post-mitotic nuclear assembly, it was proposed that NuMA 
could be involved in linking chromosomes into the assembling nucleus (Pettijohn et al., 
1984). Later, the timing of this cell cycle-specific relocalization was refined by researchers 
studying the protein Centrophilin, a major component of the electron dense pericentriolar 
material (PCM) and was later discovered to be the same protein as NuMA. It was shown that 
Centrophilin (NuMA) sequentially relocates from the centromeres to the centrosomes. 
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presumably along spindle microtubules, and that the formation of the spindle in normal and 
post-drug treated mitoses corresponds temporally and spatially with the assembly and 
disassembly of NuMA foci (Tousson et al., 1991). At this point, a theory evolved that this 
redistribution of NuMA represented a novel pathway for the segregation of proteins at 
mitosis (Compton et al., 1992). Because the nucleus must undergo such an upheaval in 
organization during mitosis, there must be mechanisms for ensuring the equal segregation of 
necessary components to the two daughter cells. The first mechanism is the partitioning of 
the chromosomes into the two daughter nuclei, which is accomplished in a stepwise fashion. 
Transcription ceases and the chromatin condenses. At nuclear envelope breakdown, the 
chromosomes attach to the microtubules at the kinetochore region, and move to the opposite 
poles of the cell during anaphase. At this time, other nuclear proteins are carried to the two 
resulting daughter cells through direct chromosome/chromatin attachment. An example of 
this are the nuclear proteins involved in chromatin structure such as the histones and 
topoisomerases, as well as the nucleolus-associated protein fibrillarin. A second mechanism 
for nuclear partitioning is diffusion. After dissolution of the nuclear envelope at the 
commencement of prometaphase (mammalian cells), many nuclear components diffuse 
throughout each daughter cell, followed by specific targeting into each nucleus. An example 
of this is the method used by the nuclear lamins. The lamins disassemble at the onset of 
mitosis after being phosphorylated. Dephosphorylation occurs during telophase, followed by 
an accumulation of the lamins at the surface of the chromosomes, and a repolymerization 
into the nuclear lamina (Gerace and Burke, 1988; Glass and Gerace, 1990). After reassembly 
of the lamina and nuclear envelope, proteins targeted to the nucleus through inclusion in their 
sequence of a nuclear localization sequence (NLS), are actively transported through the 
nuclear pore complex. The localization of NuMA from a diffuse staining at interphase to the 
spindle poles at prometaphase suggested that NuMA might represent a third example of 
repartitioning (Compton et al., 1992). NuMA migrates to the minus ends of the microtubules 
of the bipolar spindle apparatus, concentrates in the pericentrosomal region, and is segregated 
by attachment to the mitotic spindle poles into the two daughter cells. This attachment could 
be either direct or via an association with other microtubule binding proteins. 
7 
The investigation into the function of NuMA involved looking at two different 
activities, based on the observations of its localization at interphase and during mitosis. The 
diffuse localization of NuMA with the chromatin at interphase, and the biochemical 
fractionation of NuMA with the highly insoluble nuclear matrix suggested that one possible 
function could be in the organization and architecture of the chromatin within the nucleus 
(Compton et al., 1992). Multiple antibodies have been generated against NuMA. Most 
antibody labeling has shown NuMA to be a component of a filamentous nucleoskeleton 
consisting of heterogeneous proteins and RNAs, sometimes referred to as the nuclear matrix 
(He et al., 1990). A different NuMA antibody, mAb 8.22, has shed some light on another 
possible function of NuMA during interphase. mAb 8.22 was found to label discrete nuclear 
speckles, which colocalized with the small nuclear ribonucleoprotein particles (snRNPs) 
required for the processing of pre-mRNAs in interphase. Given these observations and the 
filamentous nature of NuMA, it was proposed that NuMA is a structural component of the 
nucleus, and is involved in association of the splicing apparatus with elements of the 
nucleoskeleton (Zeng et al., 1994). 
But what of NuMAs function during mitosis? Several studies have indicated that 
NuMA might act to organize or stabilize the spindle apparatus. Microinjection of anti-
NuMA antibodies into mitotic cells caused a distortion of the bipolar mitotic spindles (Gaglio 
et aJ., 1995; Yang and Snyder, 1992). This led to the idea that NuMA might be essential for 
spindle assembly or stabilization. It was found that NuMA exists as an insoluble nuclear 
matrix-associated protein during interphase, and at the onset of mitosis, is redistributed. This 
reorganization of NuMA is an early event, which seems to be concomitant with chromatin 
condensation, and precedes the disassembly of the nuclear lamins (Yang and Snyder, 1992). 
After being phosphorylated following nuclear envelope breakdown, it becomes soluble 
during mitosis, followed by a second phosphorylation event. Subsequent attachment to the 
microtubules causes NuMA to regain an insoluble character (Saredi et al., 1997). This 
polymeric form of NuMA was found to associate with the minus-end-directed microtubule 
motor, cytoplasmic dynein. Microtubule nucleation is initiated by centrosomal components, 
and NuMA itself is transported by dynein on these preformed microtubules where it 
stabilizes parallel microtubule bundles (Merdes et al., 1996). Two studies have been cited to 
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suggest that NuMA may be a non-chromosomal nuclear component that is involved in 
stabilizing the microtubule spindle. In asking the question, "Do chromosomes play an 
essential role in spindle formation?", Zhang and Nicklas ruptured the nuclear envelope 
during prophase, causing the premature exposure of the centrosomes and microtubules to the 
chromatin and "nuclear sap". They observed immediate spindle assembly and concluded that 
the normal formation of a bipolar spindle is in part regulated by the chromosomes (Zhang 
and Nicklas, 1995). If they removed the chromosomes by micromanipulation during 
prophase, but before nuclear envelope breakdown, the spindle would not form. In contrast, if 
the chromosomes were removed from the spindle after nuclear envelope breakdown, the 
spindles remained stable and could complete anaphase and cytokinesis (Zhang and Nicklas, 
1996). The results of these experiments can be summarized as follows; components of the 
"nuclear sap" (for example, NuMA) are essential for the stability of the spindle once it is 
formed, however, the chromosomes are necessary to help organize the spindle initially. A 
possible explanation is that an activator, possibly a chromaun-associated protein, promotes 
and stabilizes the assembly of the microtubules and spindle (Zhang and Nicklas, 1995). If 
the chromosomes were removed before these proteins have redistributed during chromatin 
condensation, they would be unavailable to participate in spindle formation. As it has been 
found that NuMA is required for the stabilization and focusing of the microtubules into a 
proper spindle, but is not a component of the centrosome, it can be classified as a functional 
component of the hypothesized "spindle matrix" (Gaglio et al., 1995). 
Recent studies suggest that there is a "dynamic continuity" between the nuclear 
matrix and the proteins of the mitotic apparatus (Mancini et al., 1996). During interphase, 
the microtubules are organized into networks throughout the cytoplasm, with their minus 
ends near the centrosome, and their plus ends towards the periphery of the cell. When the cell 
enters mitosis, this interphase configuration is disassembled and the bipolar spindle is formed 
, with the microtubule minus ends still at the centrosome, and the plus ends at the metaphase 
plate, anchored to the kinetochore. Although both ends are "anchored", they must both 
remain free to exchange tubulin subunits leading to microtubule treadmilling, in a process 
called poleward microtubule flux (Mitchison, 1989). The cell must have some mechanism to 
maintain overall spindle organization while permitting tubulin subunit exchange at both plus 
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and minus ends, and this has been hypothesized to be the spindle matrix. The spindle matrix 
is proposed to be a network or lattice within the mitotic nucleus and which supports the 
interactions between the matrix itself, microtubules, and accessory proteins such as motor 
proteins or signaling molecules (Mitchison, 1989; Pickett-Heaps et al., 1986; Pickett-Heaps 
et al., 1982; Wilson and Forer, 1988). Further support for the idea of a spindle matrix comes 
from several spindle severing experiments, where it was shown that poleward chromosome 
movement during anaphase could occur, despite the removal of the centrosome and the 
severing of the kinetochore microtubules (Nicklas et al., 1989; Wilson and Forer, 1988; 
Wilson et al., 1994). The spindle matrix could also act to anchor microtubule motor proteins 
such as kinesins, kinesin-like proteins, and cytoplasmic dynein during force production and 
microtubule sliding (Gaglio et al., 1995; Sawin et al., 1992; Yang and Snyder, 1992). 
Early embryos of Drosophila melanogaster are a convenient and powerful system 
with which to study the process of mitosis and the organization of nuclear structure. In the 
first 13 nuclear cycles, nuclei divide every 20 minutes within a syncytium that exists without 
cell membranes, driven by maternal stores of transcripts and proteins. During cycles 10-13 
the nuclei migrate to the periphery of the embryo forming a monolayer of large, easily 
observed nuclear structures (Hiraoka et al., 1990). As well, Drosophila has been extensively 
characterized developmentally and genetically, and several recent studies have carefully 
documented the processes of nuclear envelope breakdown and spindle formation during 
mitosis (Hiraoka et al., 1990; Kellogg et al., 1988; Marshall et al., 1996; Paddy et al., 1996). 
Drosophila embryonic nuclei have been shown to exhibit a Rabl orientation; that is with 
centromeres at the top of the nucleus, and telomeres oriented to the opposite end (Hiraoka et 
al., 1990). In addition, other loci on the chromosomes have been found to be constrained to 
specific territories, suggesting some type of anchorage to a rigid structure, perhaps via 
chromatin-nuclear envelope interactions (Marshall et al., 1996) or the hypothesized ICD 
(Cremer et al., 1993). Drosophila seems to exhibit a form of mitosis intermediate between 
"closed" and "open" (Paddy et al., 1996). The majority of chromosome condensation occurs 
from interphase to prophase, and invaginations in the lamina are observed starting in 
prophase, in regions inmiediately adjacent to the centrosome. The microtubules begin to 
aggregate in this region, grow from the centrosome as the invaginations deepen, and begin to 
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penetrate the nucleus through the partially broken down nuclear envelope. A well-defined 
nuclear lamina remains intact until prior to anaphase, when the laniins disperse throughout 
the cytoplasm (Paddy et al., 1996). These changes in nuclear structure appear to be 
polarized, suggesting a wave of signals inducing these changes that starts at the top of the 
nucleus and travels throughout to the bottom (Hiraoka et al., 1990). Thus the microtubules 
are not present within the nucleus until prometaphase, and then only beginning in the regions 
closely adjacent to the centrosomes, opening up the possibility of a spindle matrix structure 
that may precede mitotic spindle formation and mediate interactions with microtubule motors 
and signaling molecules. 
In the following study, I will describe the Skeletor protein, a potential candidate for a 
microtubule scaffold protein, or spindle matrix component during cell division. Skeletor is 
matrix associated during interphase and is remodeled into a distinct spindle during mitosis, 
the assembly of which seems to precede microtubule spindle formation. Thus the Skeletor 
spindle may act as a scaffold or guide during the early stages of mitosis. In this thesis I will 
describe the identification, cloning and functional characterization of Skeletor, a novel 




MATERIALS AND METHODS 
Drosophila Stocks and Collections 
Fly stocks were maintained according to standard protocols (Roberts, 1998). Flies 
were raised at 2S°C under standard laboratory conditions in cages supplied with apple juice 
plates spread with yeast paste. The Oregon-R strain was used for all wild type experiments. 
Cell Culture and Transfection 
Cell Lines 
The human HeLa cell line was maintained in DME and the rodent CHO-Kl cell line 
was maintained in Ham's medium. Both were supplemented with 10% FBS, 2mM 
glutamine, and IX antibiotic/antimycotic (Gibco-BRL). Cells were grown at 37°C in a 
humidified incubator with a 5% CO2 atmosphere. For transfection, cells were grown in 12-
well plates on poly-L-lysine coated coverslips, and transfected with purified plasmid 
constructs using Lipofectamine/Plus Reagent according to the manufacturer's instructions 
(Gibco-BRL). 
The Drosophila S2 cell line was grown at room temperature and maintained at 4-6 x 
10(6) cells/ml in M3 medium supplemented with 10% FBS, 2mM glutamine, and IX 
antibiotic/antimycotic. Cells were transfected by the calcium phosphate method with 
purified plasmid constructs according to protocols in the DES-Inducible Kit (Invitrogen), and 
after induction were either cytospun onto poly-L-lysine coated coverslips for immunostaining 
or harvested in lysis buffer and analyzed by SDS-PAGE according to the kit manufacturer's 
instructions (Invitrogen). 
Constructs for Transfection Experiments 
Constructs for transfection into the Drosophila S2 cell line were cloned into the 
pMT/v5-His6 vector (Invitrogen), fused in-frame to either the V5 C-terminal epitope tag of 
the vector or to the EGFP gene (Clon-Tech). The following constructs were produced: (1) 
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pMT-Skel-V5 is the full-length Orflb/OrfZ cDNA fused to the v5 epitope (2) pMT-Orfla-
V5 is the full-length Orfla fused to the V5 epitope (3) pMT-mycSkel-V5 is identical to 
Skel-V5 with the following modification: complementary oligos containing the myc epitope 
sequence were synthesized, annealed, and inserted in-frame immediately upstream of the 
Skeletor starting ATG, thus creating an N-terminal epitope tag (4) pMTA235 is a deletion of 
the N-terminal 235 amino acids of the full-length Orflb/Orf2 cDNA fused to the V5 epitope 
(5) pMTA838 is a deletion of the N-terminal 838 amino acids of the full-length Orflb/Orf2 
cDNA fused to the V5 epitope, beginning within Orf2 (6) pMT-Orfla-GFP is the full-length 
Orfla fused to the EGFP gene (Clontech pEGFP) at the C-terminal (7) pMT-GFP-C)rf2 is an 
EGFP N-terminal fusion of Skeletor from bp 2642- polyA tail of the Orflb/Orf2 transcript. 
Three constructs were utilized for transfection into the mammalian cell line CHO-Kl, 
as well as the vector itself as a control. The following constructs were cloned into the 
pcDNA3 vector (Invitrogen): (1) Orfla-GFP is the full-length Orfla fused to the EGFP gene 
at the C-terminal (2) GFP-Orf2 is an EGFP N-terminal fusion of Skeletor fi-om bp 2642-
polyA tail of the Orflb/Orf2 transcript (3) mGFP is the EGFP gene (Clontech pEGFP) only 
for use as a control. 
Library Screening and Sequence Analysis 
Isolation of Skeletor cDNA Clones 
Library screening was performed using standard procedures (Sambrook et al., 1989). 
The mAb2A was used to screen a Xgtl 1 library containing genomic sequence (Goldstein et 
al., 1986) and a 360 bp Skeletor clone was identified (Johansen, 1996). This clone was used 
to generate a PCR primer, which together with vector primers was used to isolate 5 
independent 3' region cDNAs from a Drosophila embryonic library (gift of P. Hurban). One 
of these clones was (32)P-labeled using the Prime-A-Gene kit (Promega) according to 
manufacturer's instructions, and was used to probe a 0-18 hr Drosophila embryonic library 
(Clontech) in order to isolate clones containing the 5' end of Skeletor. Ten independent 
cDNAs were isolated. Analysis showed that these clones covered the full coding sequence of 
Skeletor. Sequencing was performed at the Iowa State University DNA Sequencing and 
Synthesis Facility. As well, to confirm the open reading frame overlap region as described in 
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later chapters, manual sequencing was performed using the Sequenase Kit (Amersham). The 
nucleotide and predicted amino acid sequences were analyzed using the GCG (Genetics 
Computer Group Package, Version 8, Madison, WI) suite of programs (Devereux et al., 
1984). Skeletor sequence was also compared with known and predicted sequences using the 
National Center for Biotechnology Information (NCBI) BLAST and TMPRED e-mail 
servers. 
Additionally, monitoring of the NCBI EST database uncovered three Skeletor est's, 
two originating from a Drosophila larval cDNA library, and one from a Drosophila adult 
head library (Berkeley Drosophila Genome Project). These clones were obtained and 
sequenced for comparison with Skeletor sequence. 
Isolation and Analysis of Skeletor Genomic Clone g2Ab3 
A 360 bp Skeletor specific cDNA probe was used to screen a Xgtl 1 library containing 
genomic sequence (Goldstein et al., 1986) and a 14 kb Skeletor genomic clone was 
identified, called g2Ab3 (Y. Jin, unpublished results). This clone was mapped, subcloned 
into pBluescript vectors (Stratagene) and sequenced using standard techniques (Sambrook et 
al., 1989). The nucleotide and predicted amino acid sequences were analyzed using the GCG 
(Genetics Computer Group Package, Version 8, Madison, WI) suite of programs (Devereux 
etal., 1984). 
Isolation and Analysis of Drosophila virilis Genomic Clones 
A Skeletor specific cDNA probe (an XhoI-EcoRI fragment spanning from nt 2612-
4421) was used to screen a A£MBL3 library containing genomic sequence (Tamkun et al., 
1984) and 8 independent D. virilis genomic clones were identified. Clone dv-8 was mapped, 
subcloned into pBluescript vectors (Stratagene) and sequenced using standard techniques 
(Sambrook et al., 1989). The nucleotide and predicted amino acid sequence was analyzed 
using the GCG (Genetics Computer Group Package, Version 8, Madison, WI) suite of 
programs (Devereux et al., 1984) and was compared with Skeletor genomic sequences using 




a-alpha tubulin: Sigma 
a-V5 : Invitrogen 
9EI0 : Developmental Studies Hybridoma Bank; Iowa City, Iowa 
HRP-conjugated 2° : Bio-Rad 
FTTC or TRTTC-conjugated 2°: Cappel 
Antibody Generation 
A 360 bp fragment from the COOH-terminal region of Skeletor was subcloned using 
standard techniques (Sambrook et al., 1989) into pGEX3 (Pharmacia) to generate the 
construct 3gexF encoding residues derived from bp 4073-4426. A second fusion protein, 
SkelRep, was generated from the NH2-terminal region of Skeletor by cloning a fragment 
encoding residues derived from bp 381-1189 into the vector pGEX4T-l (Pharmacia). The 
correct orientation and reading frame of the inserts was verified by sequencing. GST fusion 
proteins were expressed in XLl-Blue cells and purified over a glutathione agarose column 
(Sigma) according to the manufacturer's instructions (Pharmacia). Additionally, two peptides 
were synthesized: pepl: CSTKLQLLKPEGRRA- NH2 and pep2: 
CKPTLDELPAEDINEEE-NH2 (both by QCB Inc., Hopkinton, MA). A cysteine (in bold) 
was added to the N-terminal of each peptide for coupling purposes and each peptide ended 
with an -NH2 amide group. The peptides were covalently coupled to keyhole limpet 
haemocyanine (KLH) (Pierce) carrier protein using Sulfo-SMCC (Sulfosuccinimidyl 4-(N-
maleimidomethyl) cyclohexane-l-carboxylate. Pierce) as per the instructions of the 
manufacturer. Rabbits were injected with 200-400 ug of peptide or fusion protein (Bashful 
and Happy with pep2. Grumpy and Sleepy with pepl, and Freja, Sif and Kraka with fusion 
protein 3gexF) and then boosted at 21-day intervals, as described in (Harlow et al., 1988). 
After the second boost, serum samples were collected 7 and 10 days after each injection. The 
sera were analyzed for specificity by comparing the staining obtained with the antisera and 
the preimmune sera on nitrocellulose filters spotted with fusion protein and with vector-only 
protein. Affinity purification of antibodies was performed using positive and negative 
15 
affinity columns made by coupling 1 g of CNBr-activated Sepharose 4B (Pharmacia) to 5 mg 
of the appropriate protein as per the manufacturer's instructions. 
In addition to the rabbit antisera, monoclonal antibodies were obtained by injecting 
balb C mice with 50 ng of the KLH-coupled peptide or fusion protein at 21-day intervals. 
After the third boost spleen cells of the mice were fused with myeloma cells and a 
monospecific hybridoma line established using standard procedures (Harlow et al., 1988). 
Ascites was obtained by injecting 4 mice intraperitoneally with antibody producing 
hybridoma cells. All procedures for monoclonal antibody production were performed by the 
Iowa State University Hybridoma Facility as described in the Standard Operating Procedures 
handbook. mAb lAl was generated against the fusion protein 3gexF, and is of the IgM 
isotype. mAb 1E>4 was generated against pep2 and is also isotype IgM. mAb 6A6 was 
generated against the SkelRep fusion protein and is of the IgGl-kappa isotype. 
Antibody Preabsorption 
Preadsorption experiments were done in the following way. Antibody was diluted to 
the desired level in TBS (0.9% NaCl, 100 mM Tris, pH 7.5)/5% powdered milk for Western 
blotting experiments, or in PBS-0.4% Triton X-100/1% Normal Goat Serum for embryo and 
cell staining. Varying amounts of either fusion protein/peptide against which the antibody 
was raised (3gexF or Bashful) or control GST only protein were added and incubated at 4°C 
for 4-6 hours. A range of 0-45 ug of competitor protein was routinely used. The antibodies 
were then incubated with Western-blotted filters, embryos or cells and processed according 
to standard procedures. 
Antibody Perturbation Analysis 
Antibody perturbation was performed precisely as described in (Johansen, 1996) by 
injecting 0-30 min syncytial embryos with either Inl of either nrLAb2A or control ascites, 
MOPC-104E (Cappel) in one set of experiments, and Inl of either ntiAbl Al or control ascites 
in the second set of experiments. Embryos were scored blind as being either wild type, 
perturbed, or unfertilized and the results were subjected to the X^-test to determine statistical 
significance. 
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Northern Blot and in vitro Transcription^ranslation Analysis 
PolyA+ mRNA was purified from 0-3,0-8,0-24 and 3-16 hr embryos, larvae, and S2 
culture cells using the Poly(A) Pure mRNA Isolation Kit (Ambion). 10-15 ^g of each 
polyA+ mRNA was fractionated on 1.2% agarose formaldehyde gels, transferred to 
nitrocellulose and hybridized with the addition of 10% dextran sulfate, using high stringency 
buffer conditions at 42°C according to standard protocols (Ausubel, 1999). Skeletor specific 
probes were generated by purifying cDNA fragments from the NH2 or CCXDH-terminal 
domains ( nts 1-489 and 4072-4421) using GeneClean (Bio 101) and synthesizing random 
primer [32p]_iabeled probe using the Prime-A-Gene kit (Promega) according to 
manufacturer's instructions. Nitrocellulose filters were stripped of probe by boiling, then 
reblocked and hybridized with probe made from the alpha-tubulin gene in order to normalize 
mRNA loading. 
For in vitro transcription-translation analysis, full-length Skeletor Orflb/OrfZ cDNAs 
and full-length Skeletor Orfla cDNAs were cloned into pBluescript vectors (Stratagene) with 
the T7 promoter 5' of the gene. Coupled in vitro transcription-translation reactions were 
performed on these constructs according to the protocols in the Proteinscript n T7 Kit 
supplied by Ambion. (35)S-methionine labeled proteins were separated on SDS-PAGE gels 
and then either dried down and exposed to Kodak X-OMAT film or transferred to 
nitrocellulose. Nitrocellulose filters were incubated with antibodies at 4°C overnight, washed 
in TBS (0.9% NaCl, 100 mM Tris, pH 7.5), incubated with HRP-conjugated goat anti-rabbit 
or goat anti-mouse antibody (1:3000) (Bio-Rad) at room temperature for 2.5 hr, washed in 
TBS, and the antibody complex visualized by incubation in 0.2 mg/ml DAB/0.03% 
H202/0.0008% NiCl2 in TBS. Following antibody detection, filters were exposed to Kodak 
X-OMAT film. 
Biochemical Analysis 
Preparation of Protein Extracts 
Protein extracts were prepared from dechorionated embryos homogenized in lysis 
buffer (0.137 M NaCl, 20 mM Tris pH 8.0, 10% glycerol, 1% NP40). The protease 
inhibitors Aprotinin (1:1000, Sigma) and 1 mM PMSF (phenylmethylsulfonyl fluoride) were 
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routinely added to the homogenization buffers. 200 embryos were homogenized in 100 ul of 
buffer, and an equal volume of 2X SDS sample buffer was added. 35 ul of sample/lane was 
routinely run on a 10% SDS-PAGE gel for analysis. 
Nuclear Matrix fractionation procedures using Drosophila embryos were perforrned 
exactly as specified in Fisher (Fisher et al., 1982),using 1 ml of packed dechorionated 
embryos as starting material. Fractionation procedures using S2 cells were essentially the 
same except that 4x10(8) washed cells were used as starting material. 
Immunoprecipitation 
All immunoprecipitation work was performed at 4°C with protease inhibitors (PMSF 
and Aprotinin) present throughout the whole process. Affinity-purified Bashful or affinity-
purified Freja antibodies were coupled to Protein G beads conjugated to Sepharose (Sigma) 
by incubating antibody diluted in IP Buffer (25mM Tris pH 7.5, 125mM NaCl, 5mM EDTA, 
1% Triton X-100, 0.25% Sarkosyl, 0.25% Na-Deoxycholate) with the beads for 4 hours. 
This antibody immunobead complex was then ready for incubating with the antigen 
prepared below after washing once with the IP buffer. E)echorionated embryos were 
homogenized in IP buffer (see above) on ice and the debris was removed by centrifugation. 
The supernatant was then incubated with Protein G beads conjugated to Sepharose for 3 
hours to remove any antigens, which may nonspecifically adhere to Protein G beads. The 
protein G beads were spun down, washed with IP buffer 15 minute/time for three times and 
used as a control in the following SDS-PAGE and immunoblotting analysis. The extract 
supernatant was then incubated with the prepared antibody immunobead complex overnight 
at 4°C. After the overnight incubation, the beads were spun down, washed stringently with 
IP buffer 15 minute/time for three times, and boiled for 5 minutes in SDS-PAGE sample 
buffer, followed by SDS-PAGE and Western Blot analysis. 
Western Blot analysis 
SDS-PAGE was performed according to standard procedures (Ausubel, 1999). 
Electroblot transfer was carried out as described by (Towbin et al., 1979)with Ix buffer 
containing 20% methanol and 0.05% SDS. Proteins were separated on SDS-PAGE gels, 
transferred to nitrocellulose, and incubated with antibodies diluted in TBS(0.9% NaCl, 100 
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mM Tris, pH 1.5)15% powdered milk at 4°C overnight. Filters were then washed in TBS, 
incubated with PlRP-conjugated goat anti-rabbit or goat anti-mouse antibody (1:3000) (Bio-
Rad) at room temperature for 2.5 hr, washed again in TBS, and the antibody complex 
visualized by incubation in 0.2 mg/ml DAB/0.03% H202/0.0008% NiCl2 in TBS. 
Alternatively, when using monoclonal antibodies for detection the antibody complex was 
visualized using the ECL Kit (Amersham). 
Immunohistocheniistry and GFP Imaging 
Antibody labeling of Bouin's Fluid fixed Drosophila 0-3 hr embryos was performed 
as previously described (Johansen, 1996) using either mAbl A1 ascites diluted 1:10,000-
1:20,000, mAblAl supernatant diluted at 1:100, or mAb 6A6 supernatant diluted 1:5. The 
HRP-or flurochrome-Iabeled preparations were photographed on a Zeiss Axioskop using 
Ektachrome 64T Him and the color positives were digitized using Adobe Photoshop and a 
Nikon Coolscan slide scanner. Additionally, digital images were captured using a high 
resolution cooled CCD camera (Paultek) and processed using Adobe Photoshop. 
Drosophila salivary glands and disks were dissected in physiological saline (110 mM 
NaCl, 4 mM KCl, 2 mM CaCl2, 10 mM glucose, 10 mM HEPES, pH. 7.4) and fixed in either 
4% Paraformaldehyde or Bouin's Fluid for 15-20 minutes at room temperature. Tissues were 
blocked in PBS/0.4% Triton X-100/1% Normal Goat Serum for 1 hour at 4°C, and incubated 
overnight with mAblAl supernatant (1:1(X)) at 4°C. After washing 3 times 10 minutes in 
PBS/0.4% TX-lOO, tissues were incubated with TRTTC-conjugated anti-mouse IgM 
secondary antibody (1:2(X)) for 2.5 hours, then washed again and stained with 10 fxg/ml 
Hoechst 33258 (Molecular Probes) for 5 minutes. After a final PBS wash the preparations 
were mounted in 90% glycerol containing 0.5% n-propyl gallate. 
S2 and mammalian cells were either grown on coverslips or cytospun onto poly-L-
lysine coated coverslips, fixed in either 4% Paraformaldehyde for 10 minutes at room 
temperature or cold methanol (-20°C) for 5 minutes. Cells fixed in methanol were 
rehydrated through a methanol/PBS series. Cells were then blocked in PBS/0.4% Triton X-
100/1% Normal Goat Serum for 30 minutes, and incubated with diluted primary antibody at 
4°C for 1-2 hours. After washing 3 times 10 minutes in PBS/0.4% TX-lOO, cells were 
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incubated with TRJTC or FTTC conjugated secondary antibody (1:200) for 45 minutes, room 
temperature, then washed again and stained with 10 fig/ml Hoechst 33258 (Molecular 
Probes) for 5 minutes. After a final brief rinse with PBS the preparations were mounted in 
90% glycerol containing 0.5% n-propyl gallate. Cells transfected with GFP fusion constructs 
were either imaged live in PBS under coverslips or were fixed in either 4% 
Paraformaldehyde for 10 minutes at room temperature or cold methanol 
(-20°C) for 5 minutes, then mounted in 90% glycerol containing 0.5% n-propyl gallate and 
observed directly using the FTTC filter. 
Polytene chromosome squash preparations from late third instar larvae were 
immunostained by the Skeletor antibodies mAblAl or mAblD4 as follows. Larvae were 
dissected in PBS and the salivary glands were fixed for 30 seconds in Fix 1(1% Triton X-
100/3.7% Paraformaldehyde in PBS). The glands were moved to Fix II (3.7% 
Paraformaldhyde/50% Acetic acid) for 1 minute, followed by inmiersion and squashing in 
Lactoacetic acid solution (1 Lactic acid: 2 waten3 Acetic acid). The polytene chromosome 
spreads were incubated in ethanol 1 hour, and then rehydrated in PBT (PBS/0.2% Tritin X-
100) 2 times, 30 minutes each. Slides were blocked in PBT/0.2% BSA/5% Normal Goat 
Serum for 1 hour, and then with antibody diluted in the same solution (1:5 dilutions for mAb 
supematants; 1:5000 for mAblAl ascites) overnight at 4°C. Slides were washed three times 
for 10 min, and subsequently incubated with TRTTC-conjugated goat anti-mouse IgM (1:200 
dilution) for two hours at room temperature, washed three times, rinsed in PBS, and stained 
with 10 M-g/ml Hoechst 33258 (Molecular Probes) for 2 min. After a final brief rinse with 
distilled water the preparations were mounted in 90% glycerol containing 0.5% n-propyl 
gallate. 
Microtubule Disassembly Studies 
Drosophila embryos and CHO-Kl cells were treated with nocodazol or subjected to 
low temperature conditions in order to study the effects of microtubule disassembly on the 
Skeletor spindle as follows. 
CHO cells were grown on coverslips and treated with 10 uM nocodazol for 8 hours. 
After 8 hours, cells were either fixed inunediately with -20°C Methanol, or nocodazol-
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containing media was replaced with fresh media. Cells were then fixed at IS minute 
intervals, from 15 minutes to 1 hour post washout. Following fixation, cells were 
immunostained with mAblAl and anti-tubulin antibody as previously described, and 
observed using fluorescence microscopy. 
Drosophila embryos were treated in two different ways to assess spindle kinetics. 
For nocodazol treatments, 0-2.5 hour collections were made and embryos were 
dechorionated using normal procedures. Embryos were added to heptane/PBS containing 10 
uM nocodazol and shaken for 1 minute. At this point one aliquot of embryos was fixed as 
usual in Bouin's Fluid. A second aliquot of embryos was transferred to fresh heptane/PBS, 
shaken for 3 minutes, and fixed in Bouin's Fluid. A third aliquot was transferred to fresh 
heptane/PBS, shaken for 6 minutes, and fixed in Bouin's Fluid. All three aliquots were then 
processed for immunostaining as previously described using mAblAl and anti-tubulin 
antibodies, and observed using fluorescence microscopy. 
For low temperature treatments, 0-2.5 hour embryos were collected and 
dechorionated using normal procedures. Embryos were added to pre-chilled heptane and 
shaken for 1 minute, and were then moved into pre-chilled PBS/0.1% TX-lOO and rotated in 
the cold for 15 minutes. Embryos were then transferred to cold heptane/Bouin's Fluid, 
shaken for 30 seconds, and then rotated in the cold for 20 minutes. Embryos were then 
processed for immunostaining as previously described. Re-warming experiments were as 
described above, with the following modifications. After rotating in the cold 15 minutes, 
embryos were moved into room temperature PBS/0.1% Triton X-100. At intervals of 0, 3, 
10, and 20 minutes embryos were moved into heptane/Bouin's Fluid and shaken at room 
temperature for 20 minutes, followed by processing for immunostaining as previously 
described using mAblAl and anti-tubulin antibodies, and observed using fluorescence 
microscopy. 
Confocal Microscopy 
Confocal microscopy was performed with a Leica confocal TCS NT microscope 
system equipped with separate Argon-UV, Argon, and Krypton lasers and the appropriate 
filter sets for Hoechst, GFP, FTTC, and TRTTC imaging. A separate series of confocal 
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images for each fluorophor of double-labeled preparations were obtained simultaneously 
with z-intervals of typically 0.5 nm. An average projection image for each of the image 
stacks was obtained using the NIH-image software. These were subsequently imported into 
Photoshop where they were pseudocolored, image processed, and merged. 
22 
CHAPTER THREE 
THE MONOCLONAL ANTIBODY 2A AND THE 
roENTmCATION OF A SKELETOR cDNA 
Introduction 
The monoclonal antibody 2A (mAb 2A) was originally identified during the 
screening of a panel of monoclonal antibodies generated against a peptide derived from the 
extracellular EGF repeat sequence of Notch (Johansen, 1989). This antibody clearly does not 
recognize the Notch protein in stained Drosophila embryos, but instead labels a novel 
nuclear antigen that appears to be dynamic, changing in a cell cycle-specific fashion. The 2A 
antibody was found to be of the IgM isotype and does not recognize denatured antigen on 
Western blots, however, nuclear staining has been observed in all Drosophila tissues that 
have been analyzed, including salivary glands, imaginal discs, larval muscle cells, and 
ovaries (Johansen, 1996). The work described in this chapter will be a review of the work 
described in earlier publications (Johansen, 1989; Johansen, 1996; Johansen et al., 1999) and 
is designed to give background about the phenomena that led to our interest in and rationale 
behind undertaking the Skeletor project. 
The Monoclonal Antibody 2A Staining Pattern in Drosophila Embryos 
In pre-cellular syncytial blastoderm stage Drosophila embryos, mAb 2A stains the 
synchronized nuclei in a cell cycle-specific pattern. At interphase 2A decorated structures 
appear as a mottled meshwork or three-dimensional scaffolding that ramifies throughout the 
nucleus. 2A also appears to stain a formation encircling the nuclear periphery, which may or 
may not coincide or interact with the nuclear envelope. As the nucleus enters prophase, a 
contraction or condensation of the 2A labeled structure begins, and a realignment takes place 
that begins to form what appear to be linear arrays. At this stage the nuclear envelope is still 
intact and tubulin remains in the cytoplasm, with some of the microtubules arrayed at the 
cortical caps of the nucleus, and the chromatin has similarly begun to condense. Later in 
prophase, the linear arrays are aligned opposite each other forming a spindle-like structure. 
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At metaphase, when the nuclear envelope has completely broken down, the structure labeled 
by mAb 2A is unmistakably a true spindle, with additional labeling at the centrosomes and a 
knobby-looking labeling at the metaphase plate near to the captured chromosomes. The mAb 
2A labeled spindle persists throughout anaphase, with what look to be fibers spanning the 
midbody region as the spindle elongates and separates to opposite poles. At telophase, the 
spindle begins to reorganize again into a loose meshwork, until the interphase configuration 
is again regained. 
Triple-labeling studies using fluorescently tagged secondary antibodies specific for 
mAb 2A and anti-a-tubulin reveal many striking differences between the two patterns, and 
suggest that the formation of the 2A spindle structure may precede that of the microtubule 
(MT) spindle. During interphase and prophase microtubules are excluded from the nucleus. 
At prometaphase the nuclear envelope begins to disassemble and the microtubules begin to 
penetrate into the interior of the nucleus and assemble into a spindle. Preceding this stage, a 
clear 2A spindle has already assembled. This suggests that the 2A spindle may be regulated 
to assemble in advance of the microtubule spindle, acting as a sort of scaffold or guide for the 
microtubules. By metaphase the two spindles have completely aligned, with the exception 
that the mAb 2A does not label structures coincident with the microtubule astral fibers. By 
telophase when the microtubules are beginning to form midbodies, the 2A labeled structures 
are remodeling into a nuclear meshwork formation. Once again at the interphase stage, when 
microtubules are completely excluded from the nucleus, the diffuse meshwork labeled by 
mAb 2A appears to overlap with the Hoechst staining, corresponding to the arrangement of 
the chromatin. 
Monoclonal Antibody 2A Perturbation Analysis 
The staining patterns that were observed in Drosophila embryos suggested that the 
structures labeled by the mAb 2A may play a role as components of the nuclear architecture 
that are remodeled during mitosis to make up a part of the spindle matrix complex. The 
obvious importance of the spindle during cell division implicates genes that code for 
regulatory molecules or structural components of the spindle as being essential. Perturbation 
analysis is one way to test for the function of a protein as well as to determine if that gene 
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may be essential. We performed antibody perturbation analysis on 0-30 minute syncytial 
embryos by injecting them with either mAb 2A ascites or a control IgM ascites, MOPC-
104E. At this stage the dividing nuclei exist within a syncytium and are not separated by cell 
membranes, thus the injected antibody can diffuse freely throughout the embryo and can 
interact with the antigen for which it is specific. After injection and a further 3 hours of 
development, embryos were Hxed in Bouin's Fluid and stained with Hoechst dye in order to 
visualize the nuclei. Results showed that the control ascites injected embryos appeared 
unchanged in comparison to wild type uninjected embryos. In contrast, the mAb 2A injected 
embryos were largely perturbed. Embryos appeared to contain far fewer, inconsistently 
spaced nuclei. In addition, the nuclear structures look severely disrupted or disintegrated, 
with chromatin often exhibiting a stringy, aberrant morphology. 
Blind scoring of the nuclear morphology of the two groups showed perturbation in 
55% of the mAb 2A injected embryos, with 19.7% appearing as wild type. By comparison, 
injection of control ascites generated only 4.3% perturbed and 70.7% wild type appearing 
embryos. Both groups contained 2S% unfertilized eggs. These results were considered 
statistically significant after analysis, and support the idea that the mAb 2A specifies a 
protein that is essential for nuclear structure and/or proper execution of cell division. 
Summary 
In summary, it was found that the mAb 2A labels a dynamic nuclear scaffold or 
structure that reorganizes from a diffuse meshwork at interphase into a spindle during 
mitosis. The formation of this spindle may precede the formation of the mitotic spindle, 
possibly acting as a scaffold or guide for the microtubules, and potentially making up one 
element of the spindle matrix. In addition, perturbation analysis suggests that the mAb 2A 
recognized antigen might be a protein that is essential for maintaining nuclear integrity 
and/or in the execution of accurate cell division. 
Both the morphology and timing of the mAb 2A staining pattern, as well as the fact 
that the 2A labeled protein is essential for proper cellular function made the 2A identified 
gene an attractive candidate for cloning and analysis. To this end, the mAb 2A was used to 
screen an expression library. Two novel, independent nuclear antigens were isolated. One, 
25 
the JIL-1 idnase, is described in other publications (Jin et al., 2000; Jin et al., 1999; Johansen, 
1996; Johansen et al., 1999). Because JIL-1 protein is only expressed at the embryonic 
blastoderm stage, the early mAb 2A staining pattern reflects the distribution of a second 
protein (Johansen, 1996). The second isolate in the expression library screen was a 360 base 
pair open reading frame, and database searches revealed no homologues. This small clone 
formed the foundation for this thesis project, the characterization and functional analysis of 
the Skeletor protein. In subsequent chapters, the cloning of the Skeletor gene will be 
described, as well as preliminary biochemical and functional analysis of the Skeletor protein. 
This protein will be shown to be the antigen labeled by the mAb 2A, a novel and dynamic 
component of the nuclear architecture. 
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CHAPTER FOUR 
THE CLONING AND MOLECULAR ANALYSIS 
OF SKELETOR 
Introduction 
The monoclonal antibody 2A labels Drosophila embryos in a novel, dynamic staining 
pattern that identifies a nuclear meshwork during interphase, which is remodeled to form a 
spindle structure at metaphase. This intriguing pattern made the antigen recognized by mAb 
2A an interesting target for cloning and analysis. A small 360 bp open reading frame was 
originally identified by the mAb 2A in an expression screen of a Xgtl 1 genomic library. This 
clone was the basis for the screens discussed in this chapter. The goal of these screens was to 
isolate and characterize the cDNAs and genomic region containing the Skeletor antigen. The 
cloning of three DNAs will be discussed in this chapter: the cDNA transcripts derived from 
the Drosophila melanogaster Skeletor genomic locus, the Drosophila melanogaster Skeletor 
genomic locus itself, and the Drosophila virilis genomic region corresponding to the Skeletor 
locus. Further, I will include a molecular characterization of Skeletor using Northem blot 
data as well as sequence and database analysis. 
Cloning of the Orflb/Orf2 cDNAs 
The mAb 2A was used to screen a Xgtl 1 library containing genomic sequence 
(Goldstein et al., 1986) and a 360 bp Skeletor clone was identified (Johansen, 1996). This 
clone was used to generate a PGR primer, which together with vector primers was used to 
isolate 5 independent 3' region cDNAs from a Drosophila embryonic library (gift of P. 
Hurban). Sequence comparison showed that these clones contained the original 360 base 
pair fragment, and extended 3' through the poly A tail. Four of these clones terminated at 
poly A tails approximately 223 bp past the terminating TAG, while one clone contained an 
alternative poly A signal and terminated 488 bp past the terminating TAG. One of these 
positive clones was (32) P-labeled and used to probe a 0-18 hr Drosophila embryonic library 
in order to isolate clones containing the 5' end of Skeletor. Ten independent cDNAs were 
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isolated. Figure 4-1' shows 13 independent cDNAs derived from the 3 libraries described 
above, spanning the fiili-length sequence of the transcript. Sequence analysis showed that 
these clones covered the full coding sequence of Skeletor when overlapping sequence was 
assembled. A technical oversight by the company supplying the library failed to protect 
internal EcoRI restriction sites from cleavage. As Skeletor contains one EcoRI site, no intact 
full-length clones were able to be isolated and it was necessary to reconstruct a fiill-iength 
cDNA by subcloning two fragments together at the EcoRI site. Comparison of cDNA 
sequences with genomic sequences (discussed later in this chapter), as well as 2 cDNAs from 
the Hurban library that span the EcoRI site confirmed this reconstruction. The longest cDNA 
contained approximately 275 bp of 5' untranslated sequence, 223 or 488 bp of 3' 
untranslated sequence, and 4378 bp of coding sequence, for a total size of 5146 bp. 
Sequencing was performed at the Iowa State University DNA Sequencing and Synthesis 
Facility, in combination with manual sequencing. Skeletor cDNAs were sequenced on both 
strands, several times, using several independent clones, as well as genomic sequence for 
comparison. Thus we can place a high level of confidence in the sequence we obtained. The 
nucleotide and predicted amino acid sequences were analyzed using the GCG (Genetics 
Computer Group Package, Version 8, Madison, WI) suite of programs (Devereux et al., 
1984). Skeletor sequence was also compared with known and predicted sequences using the 
National Center for Biotechnology Information (NCBI) BLAST and TMPRED e-mail 
servers. 
Primary Sequence Features of the Skeletor Locus Transcripts 
Conceptual translation of the Skeletor locus cDNA sequence revealed many 
interesting features, including (1) two long overlapping open reading fhunes (ORFs), the 
second of which contains no obvious starting methionine (2) several low complexity regions 
as well as an unusually high, but evenly distributed number of proline residues (3) an 
interesting imperfect repeat domain in the N-terminus, and (4) sequence features which 
predict cellular localization. These features will be discussed in the following sections. 
' Figures throughout are inserted at the end of the chapter in which they are first discussed. 
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The ORF Structure of Ornb/Orf2 
The translation of the Skeletor locus cDNA sequence yields two long overlapping 
reading frames, Orfib and Orf2 as shown in Figure 4-2. Computer estimates predict the 784 
amino acids of Orflb to code for a protein of close to 87 kD. Orf2 does not contain a 
methionine at its N-terminal, but rather a leucine. If Orf2 were to be translated in its entirety 
starting at this leucine, a protein of close to 81 kD would be produced from 734 amino acids. 
The first methionine in Orf2 does not appear until midway though the open reading frame, 
and would produce a protein of only 41 kD. This unusual structure prompted a thorough 
check of the nucleic acid sequence. Seven independent cDNAs, including cDNAs from two 
different libraries and two different developmental stages (embryonic and adult) as well as 
genomic clones (described later in this chapter) were carefully sequenced across this region, 
using automated sequencing. As well, manual sequencing was performed as a precaution. In 
all cases, no sequence discrepancies were discovered. Additionally, comparison of Skeletor 
sequence to the recently completed Drosophila Genome Project sequence also found no 
discrepancies. 
A program within the GCG sequence analysis package was used to analyze 
theOrflb/Orf2 structure. Codonpreference is a frame-specific gene finder that recognizes 
protein coding sequences by virtue of the similarity of their codon usage to a species specific 
codon frequency table. Codon preference analysis using Drosophila codon usage tables 
correlates Orflb and Orf2 usage with Drosophila usage, as shown in Figure 4-3. The average 
codon preference for frame 1 = 0.54, frame 2 = 0.57 and frame 3 = 0.73, while that of a 
random sequence = 0.55. Frame 3, corresponding to Orfl showed a high correlation with 
Drosophila codon usage, while Orf2 (frame 2) was classified as above random. The 
confirmation of this unusual open reading frame structure, and the fact that the antibodies 
that reveal the Skeletor staining pattern are derived from OrfZ prompted me to begin a large 
body of analysis that will be discussed throughout this thesis. These studies will include the 
comparison of the D. melanogaster and D. virilis genomic sequences and gene stmctures 
(Chapter Five), antibody analysis (Chapter Six), and protein processing analysis (Chapter 
Seven). 
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Amino Acid Sequence Features of Skeletor 
The two open reading frames of the Orflb/Orf2 cDNA were analyzed for amino acid 
content and characteristics. Orflb, shown in Figure 4-4, was found to contain an interesting 
imperfect repeat region and some homologous sequences which will be discussed in the 
following section, however it did not contain any statistically significant amino acid patterns. 
The sequence features of OrfZ suggest possible sites of protein-protein interaction, which 
may be important in localization or in transducing signals for redistribution during the cell 
cycle. The character of the Orf2 sequence is markedly different than that of Orflb, and the 
734 amino acid Skeletor OrfZ contains several statistically significant features, as seen in 
Figure 4-5. The composition of the Orf2 amino acid sequence was compared to the 
Drosophila residue usage quantile table and was statistically evaluated for high or low usage 
(Brendel, 1992). Both amino acids methionine (0.8%) and cysteine (0%) were located in the 
< 5% quantile, or relatively low usage. Interestingly, Orf2 was also found to contain 12.7% 
proline, placing it in the >95% quantile, or extremely high usage. Although the proline 
residues are fairly evenly distributed across the protein, several proline patterns were found 
to be statistically interesting. First, a repeat element of PQQHP was found at residues 218-
222 and 228-232. Second, several interesting spacings of proline were noticed, five repeats 
of P spaced every 4 residues at 69-88 (5 x 4) and six repeats of P spaced every 4 residues at 
186-209 (6 X 4). What might be the significance of the high amount of proline residues in 
Orf2? First, it is often found that the bulkiness of the proline side chain produces a helix-
breaking effect, which will affect protein secondary structure. It has also been noted that 
proline-rich protein regions are often involved in protein-protein binding; the strength of this 
binding is derived from the restricted secondary structures that proline residues induce 
(Williamson, 1994). As well, proline residues present large, flat, hydrophobic surfaces that 
may interact with other hydrophobic surfaces (Williamson, 1994). Among the primary 
structures of many ligands for protein-protein interactions, the amino acid proline is critical. 
For example, intracellular signaling proteins that contain the SH3 and WW protein-
interaction domains prefer ligand sequences that are proline-rich. One example of a nuclear 
proline-containing SH3 binding protein is SAM68. Sam68 is a 68 kD protein that associates 
with and is phosphorylated by the c-Src kinase at mitosis. It contains a KH domain 
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implicated in RNA binding and several proline-rich motifs that resemble known SH3 binding 
sites (Shen et al., 1999). Two sites within Skeletor Orf2 match the consensus for SID 
binding proteins, which is minimally PXXP; these are RPILP and KPKIP (Kay et al., 
2000). As with any consensus sequence match, this suggests only the possibility of a 
functional interaction, however, given that Skeletor localization is dynamic and cell cycle-
specific, interaction with known signaling molecules is entirely reasonable. One other 
possible function of proline within Skeletor is as a site of isomerization, which could be a 
mechanism allowing Skeletor to undergo a structural change at the onset of mitosis. The 
protein Pinl is a phosphorylation-dependent prolyl isomerase that specifically isomerizes 
phosphorylated serine/threonine-proline bonds. Pinl also binds and regulates the function of 
a conserved set of mitosis-speciflc phosphoproteins, suggesting that this type of post-
translational structural modification may be a novel cell cycle regulatory mechanism (Lu, 
2000). 
Orf2 also contains two statistically interesting charge clusters, forming an "acidic 
region" in the protein spanning residues 491-567. The first charge cluster from 491-519 
contains 14/29 (48.3%) aspaitic and glutamic acids, and the second contains 14/27 (51.8%) 
acidic residues. A statistically significant segment must contain a minimum of 9/30 (30%) 
(Brendel, 1992). Additionally, Orf2 contains two high scoring uncharged segments, also 
known as regions of low complexity. The first, spanning residues 99-174 consists of an 
unusually high proportion of histidine (21.1%), but also proline, leucine, and alanine (each 
15.8%). Within this histidine-rich region two repetitive histidine spacings were noticed, five 
repeats of H spaced every 5 residues at 142-166 (5 x 5) and five repeats of H spaced every 2 
residues at 155-164 (5 x 2). Finally, a notable serine-threonine loaded region was identified, 
covering residues 678-717. This region contained 62.5 % serine and threonine residues (S 
(47.5%), T (15%)). 
What might be the significance of the Skeletor Orf2 regions of low complexity? 
Histidine-rich regions as well as serine-rich proteins have often been classified as 
transcriptional co-activators, proteins that promote transcription (Prieschl et al., 1998; Yang 
et al., 1998). Serine-rich regions are also targets for phosphorylation (Wedeen et al., 1991), 
as well as being implicated in protein-protein interactions. One such case is SIR4, a yeast 
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protein containing serine-rich region that is in a multiprotein chromatin binding complex 
regulating mating-type genes (Marshall et al., 1987). Acidic regions as well, such as the one 
found in the human centromere autoantigen CENP-B, have been implicated in direct 
interactions with chromosomal scaffold or chromatin bound proteins (Mancini et al., 1996). 
Eamshaw found that acidic domains may be more common in nuclear than cytoplasmic 
proteins, and suggested that these domains function as interaction domains with chromatin 
proteins or transcription factors (Eamshaw, 1987). While the possibilities for what functions 
are actually mediated by these low complexity domains in Skeletor are speculative, 
interactions with chromatin bound proteins, as well as the binding of signaling proteins to 
effect structural remodeling are consistent with Skeletor localization and the changes it must 
undergo during the cell cycle. 
Localization Predictions 
Two programs were used to predict the cellular localization of Orflb and Orf2, 
PSORT n, and SAPS (Statistical Analysis of Protein Sequences) (Brendel, 1992; Nakai and 
Kanehisa, 1992). Using Reinhardt's method for cytoplasmic/nuclear discrimination 
(Reinhardt and Hubbard, 1998), PSORT II predicts Orflb to localize to the cytoplasm at 89% 
reliability. As well, Orflb is predicted to have a high scoring transmembrane segment 
covering residues 10-26, LLLFGLLAALSCLASFG. There also seems to be a cleavable 
signal sequence, but the programs disagree on the location of cleavage, with one prediction 
being between residues 23-24 and another between residues 28-29. Given that the 
transmembrane segment spans 10-26, the latter prediction seems more likely. These regions 
are shown boxed in Figure 4-4. 
Using the same algorithms, Skeletor Orf2 is predicted to have a nuclear localization, 
with 94.1% reliability. Moreover, Orf2 contains a bipartite nuclear localization signal 
sequence (Robbins et al., 1991)at residue 24 (of Orf2 only), RRGTGASARGLRRRGVR. 
These regions are shown boxed in Figure 4-5. This data is interesting given the unusual 
structure of the Orflb/Orf2 transcript, in that the location of this nuclear localization signal 
suggests that it is likely that the translation of the nuclear protein recognized by our Skeletor-
specific antibodies must contain at least all of Orf2 beginning at residue 24. 
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Homology and Repeat Regions of Skeletor 
The recent release of the data from the Drosophila Genome Project showed that 
Skeletor Orf2 has been classified as gene CG14682, and is located on chromosome arm 3R, 
86C2. No other homologues within Drosophila itself or any other species have been 
identified that correspond to Orf2. On the other hand, there are several interesting matches 
that emerge when Skeletor Orflb is used as a query sequence. First of all, Skeletor Orflb 
has been classified as a separate gene, CG14681, inunediately upstream of Skeletor Orf2, 
again at 3R, 86C2. Secondly, when Orflb is queried against the database, several interesting 
features are revealed. Through BLAST homology matches with C. elegans clones, Skeletor 
Orfl was found to have a 102 amino acid imperfect repeat separated by 15 amino acids, 
within the first 245 amino acids of the protein. Interestingly, this imperfect repeat was also 
found in two loci of C. elegans, CELW01C8 and H06A10.1 (CAB 16924), as well as another 
nematode, Brugia malayi (SWAMCAC20C10SK). Also, within the Drosophila genome, 
two other loci contain this repeat, and show homology to the C. elegans clones. These two 
loci are classified as genes CG6217 (3R, 85F12) and CG12492 (3R, 95C5-6). Another locus, 
immediately upstream of CG12492, CG13818 (3R, 95C4-5) is a very short protein that 
contains only one copy of the repeat, and also an ATP/GTP binding site motif. Not only do 
two of the fly loci and one nematode locus contain the imperfect repeat motif, they also 
contain homology throughout Orflb to the C-temiinus. Homology to one copy of the repeat 
motif as well as homology running to the C-terminus was also found in a clone from 
Arabidopsis thaliana (AB005232). Thus, the conceptual protein Orflb appears to be a 
conserved protein, with potential homologues in at least three other species, as well as a 
repeat motif that may deHne an as yet unidentified functional family. Figure 4-6 shows an 
alignment of this repeat region with two other species (C. elegans and B. malayi), as well as 
the repeat region of Orflb alone. The repeat region of Orflb itself is fairly conserved, with 
41% identical residues, and 64% highly conserved residues. This level of conservation drops 
when other species are considered, however, an inspection of the sequences at the non-
conserved residues regularly shows conservation between at least 2/4 or 3/4 of the aligned 
sequences. 
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Identification and Analysis of an Alternatively Spliced Transcript, Orfla 
Two simultaneous discoveries combined to identify an alternatively spliced transcript 
from the Skeletor locus. In order to determine if Orflb/Orf2 was one of several alternatively 
spliced forms of the Skeletor gene, perhaps carrying the frameshift as a form of regulation, I 
probed Drosophila embryonic messenger RNA with labeled DNA fragments from both the 
5' and 3' termini of the Orflb/Orf2 cDNA. Figure 4-7A shows the results of this experiment, 
which revealed that the Skeletor gene gives rise to at least two alternatively spliced forms, 
one of approximately 6.5 kb, and one of 1.6 kb. The 6.5 kb transcript hybridizes with either 
the 5' or 3' probes, and corresponds to the size expected for Orflb/Orf2. The 1.6 kb 
transcript hybridizes only with the 5' cDNA probe, implying that this transcript covers only 
the first 1.6 kb of Orflb. The identity of this cDNA, called Orfla was quickly determined 
after finding two EST clones in the NCBI database, LP 6211 and LP 9436, which were 
derived from a larval/early pupal cDNA library. These two clones were sequenced, and 
found to be a perfect match to the 5' region of Orflb, with the exception of the last 15 amino 
acids, which are novel. As shown in Figure 4-8, Orfla conceptually translates to yield a 
protein of 289 amino acids with a molecular weight of close to 32 kD. As with Skeletor 
Orflb, Orfla contains the cleavable signal peptide at its N-terminus and is predicted by 
Reinhardt's method for cytoplasmic/nuclear discrimination using PSORT n to localize to the 
cytoplasm with a 94.1 % reliability (Nakai and Kanehisa, 1992; Reinhardt and Hubbard, 
1998). 
Isolation and Analysis of the Drosophila melanogaster Genomic Locus 
For several reasons, I was interested in analyzing the Skeletor genomic locus. First, 
because of the unusual structure of the Orflb/Orf2 transcript, I wanted to analyze and 
confirm the genomic sequence, especially in the region in which the two open reading frames 
overlapped. Second, given that two alternatively spliced Skeletor transcripts had been 
isolated, I was interested in the intron/exon structure of the gene. Finally, I was interested in 
constructing a "rescue plasmid" for use in screening for potential Skeletor mutants that may 
arise from a future EMS mutagenic screen. To produce this construct, it is necessary to know 
34 
the boundaries of the gene in order to include the complete coding sequence of the gene in 
which one is interested, as well as the endogenous promoter. 
A 360 bp Skeletor specific cDNA probe was used to screen a Xgtl 1 library containing 
genomic sequence (Goldstein et al., 1986) and a 13 kb Skeletor genomic clone was 
identified, called g2Ab3 (Ye Jin, unpublished results). I mapped and subcloned overlapping 
fragments of this genomic clone into pBluescript n vectors, and obtained and compiled the 
sequence. The genomic region and subclones are shown schematically in Figure 4-9. The 
nucleotide and predicted amino acid sequences were analyzed using the GCG suite of 
programs (Devereux et al., 1984). As with the Skeletor locus cDNA sequences, this clone 
was located within the Drosophila Genome Project on chromosome arm 3R, 86C2. As seen 
schematically in Figure 4-10, Skeletor spans a genomic region of close to 13 kb. Eight exons 
and seven introns are present in Orflb/Orf2. Orfla and Orflb/OrfZ share the first two exons, 
but diverge in the third. Orfla reads through a donor splice site in exon 3, and thus includes 
intron 3 sequence in its coding potential before encountering a poly adenylation signal. This 
accounts for the truncated 1.6 kb Orfla transcript. Orflb/Orf2 splices out the entire intron 3, 
as well as introns 4-7, and extends until encountering a poly adenylation signal in exon 8, 
thus accounting for the 6.5 kb transcript. 
Next I was interested in determining the location of the core promoter region of 
Skeletor. The approach I used and the results are shown diagrammatically in Figure 4-11. In 
order to roughly map the core promoter region of Skeletor, DNA fragments from various 
regions of the Skeletor genomic clone were purified, labeled, and probed against Northern 
blotted Drosophila embryonic messenger RNA. Probes derived from sequences within the 
starting point of transcription will hybridize, whereas probes derived from intronic or 
upstream sequence will not. Seven probes that span the first 5 kb of the Skeletor 
sequentially, as well as probes from exons 2 and 8 were tested against the Northern blotted 
mRNA. The two probes from exons 2 and 8 were positive, with the probe from exon 2 
showing two bands corresponding to the 1.6 and 6.5 kb transcripts, and the probe from exon 
8 hybridizing only to the 6.5 kb transcript, as expected. The four probes corresponding to the 
first 2 kb of the genomic clone were negative, as were probes six and seven, derived from 
intronic sequence. The fifth probe, which contained the 300 base pairs of exon 1, as well as 
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several hundred base pairs of upstream sequence, was also positive, again hybridizing to two 
transcripts of 6.5 and 1.6 kb. This data suggests that the core promoter region is likely to be 
contained in the 1900-2700 bp sequence region of the genomic clone. This supposition is 
also supported by computer analysis using the Neural Network Promoter Prediction Tool 
(Reese, 1995). This algorithm locates 51 base regions most likely to be promoters, and 
includes a pattern search for potential TATA boxes and transcriptional start sites, and is 
estimated to have an accuracy of +/- 3bp (Reese, 1995). Using this program, several 
potential promoter regions were predicted. These predictions, taken together with the 
hybridization data indicate that the most likely location is in the 1989-2039 bp sequence 
region, with a non-canonical TATA box at 1999-2003, and a transcriptional start at base 
2030 of the genomic clone. If this is accurate, our longest cDNA clone may not include 
approximately 7(X) bp of 5' untranslated sequence. In summary however, this data suggests 
that the genomic clone g2Ab3-l should be a good candidate for mutant rescue constructs, as 
it certainly includes the entire Skeletor coding region and also very likely includes the 
endogenous core promoter region. 
Isolation and Analysis of the Drosophila virilis Genomic Locus 
For several reasons, I was interested in cloning the Skeletor-homologous region of the 
Drosophila virilis genomic locus. First, because of the unusual organization of the 
Orflb/Orf2 transcript, 1 wanted to analyze and compare the genomic structures of the two 
species, especially in the region in which the two open reading frames overlapped. Second, 1 
was interested in identifying the highly conserved regions of the two genes. Although both 
genes are derived from Drosophila species, the two species are estimated to have diverged 
60-80 million years ago (Taghert and Schneider, 1990) and thus should show a greater 
conservation in those portions of the gene essential for structure and/or function. The 
sequence in these portions of the gene should give us some insight into the potential 
functional domains of Skeletor, and additionally, would be a valuable tool in designing 
degenerate primers to use as probes in screens of libraries derived from heterologous species. 
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A Skeletor specific cDNA probe (XhoI-EcoRI, nts 2612-4421) was used to screen a 
XEMBL3 library containing genomic sequence (Tamkun et al., 1984) and 8 independent D. 
virilis genomic clones were identified. Clone dv-8 was mapped, subcloned into pBIuescript 
n vectors and sequenced at the ISU DNA Sequencing Facility. The nucleotide and predicted 
amino acid sequence was analyzed using the GCG suite of programs (Devereux et al., 1984) 
and was compared with Skeletor genomic sequences using the Bestfit program within the 
GCG package. 
A 4 kb region of D. virilis corresponding to the 8000-12000 bp region of the D. 
melanogaster genomic clone was compared (see Figure 4-9) This region also corresponded 
to the sequence from 1200-5146 bp of the Skeletor cDNA clone and importantly, included 
the overlap region between Orflb and Orf2. The sequence was found to have an overall 
identity of 71% at the nucleic acid level. Although there are small sequence insertions and 
deletions across the region analyzed, the overall structure as well as the coding sequence is 
highly conserved. Because the D. virilis clone is genomic and not a cDNA, we cannot with 
certainty predict the post-splicing structure and sequence, however, if the same introns are 
spliced out, the amino acid identity with D. melanogaster across the frameshift region would 
be close to 89 %, with a 92 % similarity. As amino acid comparison shows in Figure 4-12, 
Orf 1 shows an 88.5% identity with the comparable D. virilis region, while the percentage 
drops to 63% in Orf2. This drop in identity is largely due to the regions of low complexity 
(for example, histidine), in which the exact spacing of the residues is not maintained, 
however, the character of the region is maintained, being histidine-rich as well. This data 
suggests that the unusual organization of the Orflb/Orf2 transcript is conserved in D. virilis. 
As well, the primary sequence is highly conserved, and this maintenance may implicate 
Skeletor as having an important or essential function within the cell. 
Analysis of Skeletor mRNA at Different Developmental Stages 
Previous Northern blots using Drosophila embryonic messenger RNA revealed only 
two alternatively spliced transcripts, one of 1.6 kb and one of 6.5 kb. In order to rule out the 
possibility that additional alternatively spliced transcripts are present during other 
developmental stages, preliminary blots were run looking at mRNA from several 
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developmental time points. Embryonic mRNA was produced from 0-2.5 hr, 0-8 hr, 0-24 hr, 
and 3-12 hr samples. As well, mRNA from 2°'' and 3"* instar larval stages was produced. 
The mRNA was run on formaldehyde agarose gels, bloned to nitrocellulose and hybridized 
under high stringency conditions using probes derived from Orfla or Orf2 of Skeleton After 
exposure to film, nitrocellulose membranes were stripped and reprobed using alpha-tubulin 
as a control for mRNA integrity, as well as to attempt to normalize the amount of mRNA in 
each sample. 
Representative results are shown in Figure 4-7B for one Skeletor probe as well as 
alpha-tubulin. Previously identified transcripts were found in time points 0-8 hr, 0-24 hr, 3-
12 hr and 2°'' and 3"* instar larvae samples. Skeletor transcripts are at undetectable levels in 
the 0-2.5 hr embryonic mRNA sample. This would place the onset of Skeletor transcription 
between 2.5 and 8 hours post fertilization. This observation does not conflict with our ability 
to detect Skeletor protein in 0-2.5 hr embryos, as embryos are pre-packed with maternal 
proteins. These experiments, however, confirm previous results that show two alternatively 
spliced Skeletor locus transcripts, and do not reveal any additional species. 
Summary 
Two alternatively spliced transcripts were identified and sequenced, Orflb/Orf2 and 
Orfla. Orflb/OrfZ has an unusual structure, containing two overlapping open reading frames 
with coding potentials of 87 kD and 81 kD respectively. Analysis of the Orf2 amino acid 
content reveals overall high proline content, several statistically significant low complexity 
regions, and a bipartite nuclear localization signal. Orfla is a truncated form of Orflb/Orf2 
and encodes a protein of close to 32 kD. Orflb and Orfla both contain a transmembrane 
spanning domain, as well as an N-terminal imperfect repeat of 102 amino acids. Northern 
blot analysis confirms the presence of two alternatively spliced transcripts from the Skeletor 
locus, and suggests that, with the exception of the 0-2.5 hr time point, both transcripts are 
present at the analyzed developmental stages from 2.5 hr embryos to 3"* instar larvae. 
In addition, when the 4 kilobases of the homologous genomic loci of both Drosophila 
melanogaster and Drosophila virilis were analyzed, sequence data confirmed the unusual 
structure of the Orflb/Orf2 transcript. The D. melanogaster Skeletor genomic locus was 
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found to include 8 exonic and 7 intronic regions, and the approximate location of the core 
promoter was identified using sequential probes hybridized to Northern blots of embryonic 
mRNA. To date, there have been no homologues to the Orf2 region identified from database 
mining. Interestingly, Orfl appears to have homologues in at least two species, and the 
imperfect repeat motif may define an as yet uncharacterized family of proteins, or at the 























Figure 4-1. Skeletor cDNAs. The following clones were derived from the Clon-tech 0-18 hr random primed embryonic 
library; 19-2b, 32-1, 27-IFR, 4-2C, 17-1, 9-14, 2-20, 11-7. The est-GH was obtained from the Berkeley Drosophila Genome 
Project, and is derived from an adult head library. The 2Ab3 clone was isolated from a Xgtl I library containing genomic 
sequence (Goldstein, 1986). Clones 2-1-3,29, and CA were isolated from a directionally cloned embryonic library in X2AP, a 
generous gift of Patrick Hurban. All clones were purified and subcloned into pBluescript II vectors. 
Figure 4-2. Orflb/Orf2 N^adeic Acid Sequence and Translation. The Orflb/Orf2 
transcript is 5146 nucleotides in length, and encodes two potential overlapping reading 
frames, Orflb and OrC. The overlap region spans approximately 60 amino acids. Orflb 
potentially encodes an 87 kD protein, while 0^ potentially encodes a protein of 81 kD. 




GAGTGTAGTTCTCTCTCTCTCTCI I I I ICTCTAAGCCATAGTCAAGCCCGAGTGTGTGTGTGTAATTGCTAGTGCCAG 
GATAAGTACATCCTGCCGGGAAAAATCCCAATTAAATCGGGGCCCTGTGCCCAAACACCCACGCTGCaTAOAAATA 
AACCCCAGACATACGaCGCACACTTTTGCAACCGTTACCCATGTTGGCAATGAAGGATAAGCCTTGGCTGCTGCTAT 
•  m l a m k o k p w l l l  
TTGGCCTATTGCCCGaTTAAGCTGCCTAGCCAGCTTTGGAGATGCCGCCTACCCCTATTATGGCACGkAGATCGGAG 
•  f g l l a a l s c l a s f g d a a y p y y g t k i  G  
CCCTGACCCGCCTGCACCACGCTCTCTCCCGCGATGTCTACGCCGTCGATTCCCGCACCATCTTCATCAAGAACTTCA 
• A L T R L H H G V S G O V Y A V D S R T I  F  I  K K F  
ATTACCACGGCGAGGCGCCAGCTCCCTACTTCTATCTCGGCAATACTGCACGGCCAACTAATGAAGGTCCCGCCCGGC 
• n y o g e a p a a y f y v g n t a r p s n e g a a r  
TGAGGGACGAAAGGGGCCGGACCGCCTCCCrGACCCGCCCTTACAGGAACAACGACGTCACACTGTCGCTCCCCCAGC 
•  l r d e r g g t a s l t r r y r n k o v t l s l p e  
CCAAAACACTGCGCGAaTCAAATGCTTCTCGGTGTGGTGCCATGACTTCGCGCTGAATTTCCGTGACCTTTCCATTC 
•  G K T L R D I  K W F S V W C D E F A V N F G O V S I  
CGCCCAACTTGCACTTCCCCCGCCCACACAACATCACCGCrCTGACCCGCCTCCATGCTGTCTCCTCCGACAACATTG 
^ P P N L O F P R P Q K I  S A L R G V H G V S S O N  I  
TCATCGTGCACGCCCAAACGCTGCTGCTCCCCAACTTTAGCTACGACGGAGACGCCCCACATGCCAAATTCTGGGTGC 
• v  I  V O A Q T L L V P N F S Y D G E A P D A K F W V  
GTCCTCGCCAGCCCCCCACTTCCGACGCCCTCAGGATTCCGCACGAGAATGGCAAGCAGAACCCCCTGCGTCGCTACG 
^ G R G Q R P T S O G L R I  P 0 E N G < E N P L R R Y  
AGCGGWCACAATCCTGCTGACCCTGCCCGAGCACCTCACCATCTTCGACATTGCTCACTTTGGCGTTTGGTGCGAGG 
•  e r k t i v l t l p e d l t i  F D I  G H F G V W C E  
CCTTCACCGTGGATTTTGGCCACGTTCGCCTGCCGGACGGCCraAATCTCCCCCCCTCCCTGAACATGCTCGGAATCA 
• a f t v o f g h v r l p e g l n v p p s l k m l g i  
CTCCTCAGTCGAAGCTCAACTGCCAGCTGCTCTACGACGATCTGGCATTCGAGCTTCGCTCGCCCCTCCCCGCCGAGA 
•  s p q s k l n c e v l y d d l a f e v r w a v a g e  
GCATCGTGCTCCAATTGCTCCCCAAATTGCAACCGAACCACTACATGTCCTTCGCAATTTCGCCAAACAACAACATCA 
•  S I V V Q L V A K L E P N H Y M S F G I  S P N K N I  
GCCAGATGATTGCTGCGCATGCAGTGCTGCCCTGGGTGCATCCCCAGACCGGAAACGGATTTGCAACGCACTACTTCC 
•  S Q M I  G A D A V V A W V D P C J T G N G F A T D Y F  
TGGAGGGCAAGGCTCAGTGCTCTGGTGCGCGTGGCGCTTGTCCGGACACCAAGATCTCTGAGAAGACGIACTCCATAA 
•  l e g k a q c s g g r g a c p o t k i  S E K T N S I  
GGaACrAAACGaGCCATGCTAAATGGCTATTCAATTGTGACCTACCAAACATCCCTAGCTGCCACGGATCGCCTGG 
•  r l l n a a m v n g y s  I  v t y q r s l a a t o r l  
ATCTGCCAATCTCGATTACGGGAGCGCAATGkGTGGTGTGGGCAATTGGACCACTTAACGATTACCAGGAGGTCTCCT 
• O L P I S I T G A E S V V W A I  G P L N O Y Q E V S  
TCCATACATTCTACAACAAGCATCTGCACCAGATTGAGTTCGGTCGCCAGCCCAAGTGGAATTGTCCCTTGCCAGAGG 
• f h t f y n < h l h q i  e f g r q p k w n c p l p e  
GTGCTCGTGGCAATAGCAACTGlTCGGAAGkCGAGCACTCrGCTCCCGCGGCCCAGAGCTCTACTGCCCGACCrGCrr 
•  g a r g n s n s s e q e d s a p a a q s s t g g a g  
ATCCGCCAGCAGGCCGACCCAACGTGCAACCCGATGAGGAGTTCTACGAGAATCGTGCGGAGGCTCTGCATCGTCAGC 
• y p p a g r p n v e p d e e f y e n r a e a l h r q  
CACCGCACAGGCGCCACGAAACACCCATCATCACCCAAACGCCTCCACTGCCCACTCCAAAGCCAGTGAACAGCAATG 
• P P Q R R Q E T A I  I T Q R R P V P T P K P V N S N  
GCGCCTGGGACATCCCTGCCATTCAGTGTCACGAACCAGAGCACCGACTGTTCTATGCCCAGATGGGTCCCACGGGAG 
•  G A W D I  P A I Q C H E P E D G V F Y A Q M G P T G  
GAAAACACGGCTATCCAGCAATCACAGGACACGTCGCATCGCCAATTTCCTGGTACATCAACGCACTTaGATCCCCC 
• G K H G Y P A I T G H V G W G I  S W Y I N G L L I P  
ACATTCATGTACTGCGACGCAAGACCTATA«TTTGTAGTGGAGGGTGGAAACAATCCGGATArrCCGGCCAAGTACC 
•  E I H V V R G I C T Y T F V V E G G N N P D  I  P A K Y  
42 
ATCCCTTCTACATaCTGACCATCCTGTCGGAGCATACGAGCACAAACGCGAGGAACAGAAAAAGGCCGTGCCaTCT 
• H  P F Y  I  S D O P V G G Y E H K R E E E K K A V R  I  
ACGCCGGACTACATCCCTCCCGCTCCGGCCAAGTCACGCCCACCGGCCTTGCCCGTaCTGGlACTGGACACCACATG 
•  y a g v h r s r s g q v t p t g v g r l c n w t p d  
TGCAAGGTCCACCGGCGGACGACTACCAGTCCTTCGGCGCCTACCAGCCaCCCTGACCCTCAAGTGCGACCCCGGCG 
• V E G P P A D O Y ( l S F G A Y Q , R T L T L I C C D A G  
AGCCGCGACTCATTACCTGCAAGCCGGACCGGAATACGCCGCAGlCGCTCTAaACCATTGCTTCACACACCGCTATC 
•  e p g v i t w k p d r n t p o t v y y h c f t h r y  
TGCGATCCAAGATCCACCTGCACGACTCATGTCACTCGCAAGCGCGTGGAaCAAAGGAGCCGCCTCCGAACGCCACG 
•  l g w k i h v h d s c o s e a g g l k g a a s e r h  
•  l g s g w t q r s r l r t p r  
AAATCCGGCTGCCGCCGAAAGCCACCGTCGCGCAACCGGCCCCAGTGCACCAGCACTACGCCGGAGAGGCGTCCGTAC 
•  E I  R L P A K A T V A E P A P V H E D Y A G E A S V  
•  N P A A G E S H R R G T G A S A R G L R R R G V R T  
CGCACGAAACCAACATCGCATCCCCGCTGCTCAGCCTCTCCACCAGAGCCTACTCAGGAACCCGAATCTCAACCCCAA 
^ R H E T K M A S A L L R L S R R A Y *  
•  A R N Q . D 6 I  R A A E A L E E S L L R N P N L N P N  
CCATCCCAACCAGAACCCGATTCCGAATCCACACGIGAAACCGAACGTGACCCCGACCGAGATCAGCTCCCGACCCGA 
•  H P N Q N P I  P N P H Q K P N V T P T E  I  S S  R P E  
CATTCTGCTGGGCGAGACCCATGCCCACACCCTCAACGCATCTCCATCCGCATCCGCATACCCATCCCCATCAGCCAC 
•  I L L G E T H A H T L N A S P S A S A Y P S P S A T  
TTTACCCTCTGCCAACCTAikAGCTACCCATACTCGCGGCTGCTCCCCATCTCATCCATCATCCCCCCCACTTCCATCC 
^  l p s a n l k l ' p i l a a g p h l i h h p p h l h r  
CCTGCACCACCAACCGCAGCATGCCCCCCACCCGCATGTCCATrTGCATCACCACAATCTAACCGCTAATCTTCCAGC 
•  L H H Q P Q H A P H P H V H L H H H N L T A N L P A  
GCTCCCACAGAAAACCATTGGACTCTCTGAGTTTCTACGTCCGCCGCAGAACGCTCCGCTCTTTCATCCGGTTAAACT 
•  L A d K T I G L S E F L R P P Q N A P L F H P V K L  
GCCCGGCCGCCCACaTTCCCTGCTCCGATCAAGAAGGTTCCCGCCTCAAGGCCCATACTTCCGCACCAGCATCCGCA 
•  P G R R P F P A P I  K K V P A S R P I  L P Q Q H P H  
nTGCATCCGCATCCCCAGCAGGkTCCCGTTCTTCTGCAGCAACAACCCTCCCTGATTGTAAGTCACTAGkCGAAGCC 
•  L H P H P Q Q H P V L L Q . Q ( 1 P S L I V S H Y R I C P  
GATACCGGGATTGCTGAAACCCTrCGTCAAGGACAAACCTTTTCCACTGCAACCGCrCCCCGCATCTGTTTTACTCCT 
•  I P G L L K P F V K E K P F P L Q P L A A S V L L L  
GGGTCAGCCCACTGAGCTAGGCCGCCTCAATAACAAGCGAGAACGACTCAAGATAAAGGGTAAACCAAAAATTCCAGT 
•  G Q P T E L G G L N N K G E R L K I K G K P K I  P V  
ACCATATGTGGACCTAGAACCACAGCGGTCTCTGCAAAATACAGCTATCTrrAATCAACCAGGCGGAAAGGGAAAGGG 
•  P Y V D L E P Q G S L C i N T A I F N Q P G G K G K G  
GGACCAGAAACCCAAACCCTCATCTGTGTCCATCTCAACCACGCCCATTCCGCTGGTGAAACGTCCTACAGTAAAGGA 
•  O Q K P K A S S V S  I  S T T P  I  P L V K R P T V K E  
ACCTTCCCAGGAGGAAATCGCCAGTATGCGTCCTGCCGTTAATCAGGGCTTCAAGCCCGACACCGTGATTGTTGAGAG 
•  P S Q E E I A S M R P A V N Q G F K P D T V I V E S  
CGGATTTAAACCCATCGTTAGGACCGATGGGICTGGTGTTCAATTGCCCAAGGACATCATCCATCAGGTGGCCCATCG 
•  G F K P I V R T D G T G V Q L P K E I  l O l i V A H R  
Figure 4-2 (continued) 
43 
ACGAGAGCATCCTCGGAGIGAAATCGATGAGCTGATGCAAACACAT*CCCTGTTCCTGGCAGCCCAGCAGCGAGGCAG 
•  R E D P G T E I D E V M E T D T L F L A A Q , Q , G G S  
TGAAACGCAGAGCTTTGAGCCCATGTTTATACGMCCCCCTTGGACAGTACTAATGCCACAAAAGTGTTGAGGGTTAA 
•  E T Q S F E P M F I  P S P L O S T N A T K V L R V N  
CGTGAACGAGGTTACTCCCACGGCATCACCrrrAAGATTGCCGTCGCCAGCCCTGCACCACCCCCTGCCCTCCGCTTC 
•  V K E V S P T A S A L R L P S A A L E H A L P S A S  
GCACTTAATAAAGCCCACCCTGCACGAACTCTrrCCACAGCATCTAAACGAAGACGAGCTAGAAATGGAGCCTATGCC 
•  E L I K P T L D E L F A E O L N E E E L E M E P M P  
GGTGGCAGATGATGTGGAGTCACTGGAAGAGACAACCAAAAAAGATGCTGTAACCACAACAATAAACATTCCAAGAAA 
•  V A D O V E S L E E T T I C I C D A V T T T I  N  I  P R N  
CACGACCAACAAACCCGATCCCCATCTCCTGGAGGATCTCTTTGGCCCCCATCAAGAACACTTATATGCGGATGAGCT 
•  T T K K P D P O L L E D L F G P D E E E L Y A O E L  
GGAACTAGACATGGATGACCGAGTGGCCGCTGCTGCGGAACGGATAGACACCTACTACCTGCCGCCGGATAACCGAAA 
•  E L D M O D R V A A A A E R I D T Y Y L P P D N R K  
CATTCCCCATACCACCCTCCCCACTGCACCCCTCTACACCrTTGATCCCAACTCTirrCCTCCACACTAGCCTAGTCCT 
•  I  P O T R V P S G A L Y T F D S K S V V D S S L V L  
GCCGCCCAAATTGGATGCCCCGGACAATGCCAACGTCCACCAGCGACATGCCCACTACGGATTGACCCCCTTCGAGCA 
•  P P K L O A P O N A N V H Q R H A Q Y G L T P L E Q .  
GCTCGTCCCTACCACACCTCAGnTGCAGTCTACACAGGAGAGCTGCCACAGCAATTCCGACGCACACAGCCCCAACC 
•  L V R T T P Q F G V Y R G E L P Q . E F R G T E P Q P  
CCTCrrCCCACTATTCCCATCCAGCGCCCTTCACTCCTACCACTCCTCTGTTCTCCACCAGCACTGCCAGCACCATCTA 
•  V S E Y S H P A P F S R T T P V F S S S S G S T I  Y  
TCCGTATTCCTCGTCGACACGACCATCTACATCCACCCTATCATCATCCGCCTCATCGCCATTCTCCTCATCATCGCT 
•  P Y S S S T G A S T S T V S S S A S S P L S S S S L  
GAGACCCATTTCCACTAAGCTACACCTTCTCAAGCCGCAGCCCCGAACAGCGTAGGATCTGCAATAGCGAAATTATAA 





AACGTAGTACTCTTAGTACTTAGI I I I lACI I ICI IAACACTGACAATCATAAGTCGTTCGATATAATACCACACAAC 
GCACTrGTATCGATACCTATCACAATCTakAAAATTCAAGCTTATCGATAAATAAAATATTAAGTTCTGAAACATA 
Figure 4-2 (continued) 
Figure 4-3. Codon Analysis of Orflb/Orf2. Codon preference analysis was performed using the Codonpreference program 
within the GCG Sequence analysis package, and is a frame-specific gene finder that recognizes protein coding region \3e virtue 
of the similarity of their codon usage to a species specific codon frequency table. Codon preference analysis of Orflb/OrO 
using Drosophila codon usage tables correlates Orflb and Orf2 usage with Drosophila codon usage. The average codon 
preference for frame 1 = 0.54, frame 2 = 0.57, and frame 3 = 0.73, while that of a random sequence = 0.55. This suggests that 
frames 2 and 3, encoding Orf2 and Orflb respectively are potential protein coding sequences, with Orflb showing a high level 
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Figure 4-4. Orflb: Nucleic acid sequence and conceptual translation. Orflb is 2630 
nucleoticles in length, translating into a 783 residue protein, with a predicted molecular 
weight of 87 kD. The boxed regions highlight potentially interesting features of the 
protein, including the putative starting methionine (aa 1), a predicted transmembrane 
spanm'ng domain (aa 10>24), and a 102 amino acid repeat region within the first 270 
amino acids. Repeat 1 (aa 47-149) and Repeat 2 (aa 165- 270) were found through 
homology with repeat domains found in C. elegans. 
47 
1  (rrrCCCTCCCC*C*TACCTCCCT*A(rrCC**CCCCU**44AAUrCCCTCC4TCCCT*C*4*CTCC*ATTTT*TTCCCC*(rrCT*CTTCTC 
9 2  TCrCTCTCTCmTrCTCTAACCCATACTaACCCCCACTCTCTCTCTCTAATTCCTACTGCCACCATAACTAOrCCTGCCCCCAAJUAT 
183 CC6AAnAAATCGa(i<;(iCCTCT(:CCCAAACACCaCCCTCCCATAaAAATAAACCCCACACATAC0CAaCCACACTrTrCCAAC(.CTTAG 
274 cdTr^CCCAATCAACCATAACCCTTGC CTGCTCCTJLTTTCCCCTArrCGCCGCtTTAAGCTCCCTACCCACCmCGi CATCCCCCCTA 
I ^ IM ]  L  A  M  K  D  K  P  W IL L L F G L I A A L S C L A S F G ID A A Y  
365 CCCCTATTATCCaCCAAGATCCCACCCCrCACCCCCCTGCACCACCCTCT rrCCCCCCArCTCTACCCCCTCCATTCCCCCACCATCTT( 
30» P Y Y G T K I  G A L T R L H H G V  
456 
S G D V Y A V D S R T I  F  
kTCAACAACTTCAATTACCACGCCCACCCCCCAGCTCCCTACrrCTATCTGCCGAATACTGCACGGCCAACTAATCAACCTGCCCCCCCCC 
I  K K F N Y D G E A P A A Y F Y V G N T A R P S N E G A A R  
rCAGG<UCGAAACG<CCGCCACC6CCTCCCTG«CCCCCCGTTACACCAACAACCACCTUCACTGTCCCTCCCCGACCCCAAAACACTCC( 
. R D E R G G T A S L T R R Y R N K D V T L S L P E G K  T  
:GACATCAAATCCrrcrCCCTGT6CTCC6ATGACTTCCCCCT6AATTTCCCTCACSTTTCCATTCCCCCCAACTTCCACTTCCCC( CCCCA 
P I  K W F G V W R N F F A V N F G D V S I P P N L D F P R P  
CACAAGATCACCSCTCrCACCCCCCTCCArCffrCTCTC rrCCGACAACATTCTCATCCTCCACGCCCAAACCCTCCTCCTCCCCAACTTTi 
O K I  S A L R G V H G V G  S D N I  V I  V D A Q T L L V P N F  
:CTAC<UCCGACACCCCCCACATCCCAAArrCTCCCTGCCTCST6CCCACCCCCCCACTTCCCACCGCCTCACCATTCCCCACCACAATCC 
Y D G E A P D A K F W V G R G Q R P T S D G L R I  P D E N  
:AA6CAGAACCCCCTCCCTCGCrAC:CACCCCAAGAC*ATCCTGCT6ACCCTGCCCCAGCACCTCACCATCTTCGACATTC<rrCACTTTGC( 
K E N P L R R Y E R K T I  V L T L P E D L T I  F D I  G  H  F  G  
TrTTGCTCCGACCCCTTCACCCTGCATTTTCCCCACCTTCGCCTGCCCCACCCCCTGAATCTCCCCCCCTCCCTGAACATGCrC GCAATCA 















273^S PQSKLNCEVLYODLAFEVRWAVAGESI VVQ 
1184 ArrCCTCCCCAAArrCCAACCCAACCACTACATCTCCTTCCCAATTTCGCCAAACAAGAACATCACCCACATCArrCCTCCCGATGCAGTC 




364^C PDTKL SEKTNSI RLLNAAMVNGYSI VTYQR 
1457 ATCCCTAGCTCCCACCCATCGCCTCCATCTCCCAATCTCGATTACCCGAGCCCAATaCTGCTGTGCGCAATTGGACCACTTAACGATTAC 
S L A A T D - R - L E ) - L P - H  S  T  T G A E S V V W A  H  G P L N E > Y  
1548 CACGACGTCTCCTTCCATACATrCTACAACAACCATCTCCACCACATTGACTTCCCTCGCCACCCCAACTCCAATTCTCCCTTCCCACACC 
425^ QEVSFHTFYNKHLHQL EFGRQPKWNCPLPE 
1639 CTCCTCCTGCCAATACCAACTCATCCGAACACCACGACTCTCCTCCCCCGCCCCAGACCTCTACTCCCCCAGCTCCTTATCCCCCAGCACC 




516^ I I TQRRPVPTPKPVNSNGAWDI PA I QCHEP 
1912 ACCACCCACTGTTCTATCCCCACATCGCTCCCACCGGAGCAAAACACGGaATCCACCAATCACAGGACACCTCGCATCCGGAArTTCCTG 
546^E DGVFYAQMGPTGGKHGYPAI TGHVGWGI SW 
2003 CTACArCAACCCACTTCTCATCCCCGACArrCArcTACTGCCACCCAACACCTATACATTTGTACTCCACGCTCGAAACAATCCGCATATT 
576^ Y1 NGLLL PEI HVVRGKTYTFVVEGGNNPDI 
2094 CCCCCCAACTACCATCCCTTCTACARCACTCACCATCCTCTCGCACCATACGACCACAAACCCCAGGAAGACAAAAACGCCGTCCCCATCT 




6 6 7 ^  A D D Y Q S F G A Y Q R T L T L K C D A G E P G V I  T W K P  
2367 CACCCCAiTiCCCCGCACACCGTSTACTACCiTTSCTTCACACiCCCCTiTCTGCGArCCAACATCCACCrGCACCACTCATCTCACTCGC 
698^ DRNTPDTVYYHCFTHRYLGWKL HVHDSCDS 
2458 AAGCCGGTCCACTCAAACCAGCCCCCTCCCAACCCCACCAAATCCGGCTCCCCGCCAAACCCACCCTCGCGGAACCGCCGCCAGTGCACGA 
728^E AGGLKGAASERHEL RLPAKATVAEPAPVHE 
2549 CCACTACCCCGCACAGCCCTCCCTACCGCACCAAACCAACATCCCATCCGCGCTCCTGACGCrCTCGAGCAGACCCTACTCA 
758^ DYAGEASVRHETKMASALLRLSRRAY 
Figure 4-5. OrfZ: Nucieic acid sequence and conceptual translation. Orf2 is 2694 
nucleotides in length, translating into a 734 residue protein, with a predicted molecular 
weight of 81 kD. This long ORF does not contain an obvious starting methionine, but 
instead the first residue is a leucine. The boxed regions highlight potentially interesting 
features of the protein, including a predicted bipartite nuclear localization sequence (aa 
24-40), and three low complexity regions. Box 1 (aa 100-173) contains a histidine-rich 
domain (H). Box 2 (aa 491-567) contains a highly acidic domain (D^). Box 3 (aa 676-
716) contains a serine-threonine-rich region (S,T). Also shown boxed are two dififerent 
polyadenylation signal sequences, the first shared bycDNAs 2-1-3, and 29, and the 
second used by cDNA CA, shown in Figure 4-1. 
49 
1 ctcsgaagcjggtggacccaaaggagccgcctccsaacjccacgaaatccgsctgccggcgaoogccac zgtcgcggaaccggcgccagti 
1 » L  G - S a W T O R S R  L R T P R M P A A a E S f c i " "  "  R  R &  T  G  A  S  
cacgaggactacgccggagaggcgtccgwcggcacgoaoccaagatggcocccgcgctgccgoggctctcgaggagogcctactgoggoa 
3 1 »Jv R G L R R R G V R l  T  A  R  N  Q  D  G  I  R  A  A  E  A  L  E  E  - S  L  L  R  N  
183 cccgaatctgoaccccaaccatcccaaccagaacccgattccgaatccacaccagaoaccgaacgtgoccccgaccgagatcagctcgcga 
_61^ P N L N P N H P N Q N P I  P N P H Q K P N V T P T E I  S S  R  
Z74 cccgagattcegctgggcgagaec :acgcecacacgctgaaegcatceccacccgcatccgcatacecatccccaccagccactttaccc< 
92» P El L L G E TIH  A H T L N A S P S A S A Y P S P S A T L P  
36S rcgccaacctaaagccaccca-cactcgcggctggtccccatctcacccaccaccccccgcacctgcatcgcccgcaccaccaaccgcageii 
1 2 2 k  ^  " •  •  '  
456 
152^ 
5 A N L K L P I  L A A G P H L I  H H P P H  L H R L H H Q P O H  
egccccccacccgcatgcccacctgcatcaccacaatctflaccgceaatcetccagcgcecgci cagaaaacca.ttg0acccectga^tt 
A P H P H V H L H H H N L T A N L P A L A I O  K  T  I  G  L  S  E  F  
547 ctacgtccgccgcogoacgctccgctctttcotccggttaaactgcccggccgccgacctttccctgctccgotcaagdaggetccggcce 
183^ L R P P Q N A P L F H P V K L P G R R P F P A P I  K K V P A  
638 caaggcccatacttccgcagcagcotccgcat-Etgcatccgcatccgcagcagcatcccgf tcttctgcagcaacaaccetc'cctgettgt 
213>-S RPf LP-QQHP-WLHP-KPQQH^PVLLQQQP-SL r V 
729 aagccactacaggaagcegoeaccgggattgctgaascccttcgtcaaggagaaaccttttccactgeaacegctggcggcatctgtt'tta 
Z43> S H Y R K P J P G L L K P f V J C E K P F P L Q P L A A S V L  
820 ctcctgggtcagcccactgagctaggcggcctcaataacaagggagaacgactesagataaagggtaiiaccaaaaattccagtaccatatg 
274> LLGQPTELGGLNNKGERLKI KGKPKI PVPY 
911 tggacctagaaccocaggggtctctgcaaaatacagctatcttfaaecaaccaggcggaaogggaaagggggaccagaaacccaaagcctc 
304^V DLEPQGSLQNTAI FNQPGGKGKGDQKPKAS 
1002 atctgtgtccatctcaaccacgcccattccgctggtgaaacgtcctaeagtaoaggaoccttcecaggaggaaatcgccagtatgcgtcct 
334> SVSI STTPI PLVKRPTVKEPSQEEIASMRP 
1093 gccgttoatcagggcttcaflgcccgacaccgtgatt9ttgaflqgcggtt.tttaaacceotcgttttggo£cga«ggcactggtg<tcaagtac 
365^ AVNQGFKPDTVI VESGFKPI VRTOGTGVQL 
1184 ccaaggagatcacegatcaggtggcccatcgacgagaggatcccgggacagaaatcgatgoggtgatggaaacagatoecctgtecctggc 
395>P K E ] 1 DQVAHRREDPGTEI DEVMETDTLFLA 
1275 ogcccdgcogggaggcogtgoQocgcagogctttgogcccatgtttatoccotcgcccttggocagtoctaotgccacaodogtgttgagg 
425> AQQGGSETQSFEPMFf PSPLDSTNATKVLR 
1366 gctaocgtgaaggaggttogccccacggcaccagctttaagattgccgtcggcagccctggagcacgccctgccctccgcrtcggsgttaa 
456> V N V K E V S P T A S A L R L P S A A L E H A L P S A S E L  
1457 tooagcccaccctg jacgeactctttgcagaggatctaaacgaagaggagctagaaatggagcctat9ccggtggcagatgatgeggagt( 
4 8 6 » l  K P T  U P  E L F A E D L N E E E L E M E P M P V A D D V E ;  
ictsgaegagacaaccaaaaaagatgctgtaaccacaacaataaacatcccaagoaacacgaccaagaaaccggaccccgatctgctggat 
L E E T T K K D A V T T T I  N I  P R N T  T K K P D P D L L E ^  
7»tctctttgggcccgatgdego«gegttiyt<rtgcggatg»g<tggaecttfg<i<a^ggetgo< cgogcggccgctgctgcggotfcggetog 










638^ E Q L V R T T P Q F G V Y R G E L P Q E F R G T E P Q P V S  
2003 agtattcccatccagcgcccttc igtcgcaccactcctgtgttctccagcagcagtggcagcaccatctatccgtattcctcgtcgocags 
3gcatct0catcc9ccgt0tcatcatcggcctc0tc9ccattgtcctcatc9tcdctgeg0cccatttccactaagctac0gcttctg0«g 
A S T S T V S S S A S S P L S S S S I L  R P l  S T K L Q L L K  










S R T T P V F S S S S G S T I  Y P Y S S j ^ T T  
ccggagggccgaagagcgtaggatctgcaatagcgaaattataagcaagaaccagcatttoaccgtcttggggtgtacgactctcataacc 
P  E  G  R  R  A  
aegttac»tt toe teg tao«ctgt»ttogeccgtagt«tttttttaacaett»tgatgetct toot tttaaacgaacgefftgaottttat 
taactQaQctaogcgattetaottaaaecacattttaatcattQtaflfcataaaijgcaaaBaQtaatctaatttatatttaotttccaatte 
aaccggaaataaagocatgccrgattcaaatacaagtaaggtcagaggaaatcggctactccttctaagtaactgccatcctaaacgtage 
accctcagtacctagttt ctactttcctaa£act»caetca taagtcgttcgatataatoccacacaacgcactcgtatcgatagctatc 
acaatgtcaoaaattcaagcttatcgotagf^QSAjtattaagttccgaaacata 
50 
Consensus key (see docmnentacioa for details) 
' - single, fully conserved residue 
: - conservation of strong groups 
. - conservation of weak groups 
- no consensus 









CLOSTAL W (1.8) multiple sequence alignment 
Orfl-2 SDNXV-rVDAQTLiVPSFSYDGEAPAAYFYVOrTARPSNEGAARlRDERGGTASLTRRYRN 
Orfl-1 SGDVYAVDSRTinKICFNYDGEIADAKFHVGRGQRPTSDG-r.RIPDE-NGKENPLRRYER 
*.11 *• •• • 
Orfl-2 KDVTLSLPEGKTLRDIKWrsVWCDEFAVNFGDVSIPPNLDFP 
Orfl-1 KnVLTLPEDLTIFDIGHFGVWCEAnVDFGHVRLPEGLNVP 
Figure 4-6. Alignment of the imperfect repeat domain of Orfla and Orflb. The 102 
amino acid sequence from the N-terminal portion of Orfl is shown aligned by CLUSTAJ-
with homologous regions found in C. elegans (CEL-W02) and B. malayi (BRUGIA). Orfl-
1 is the most N-terminal of the repeat sequences, and Orfl-2 is the second of the repeat 
sequences of the Drosophila Orfl transcripts. The bottom alignment, of the Drosophila Orfl 
repeat sequences alone, shows an increase in the number of single, fully conserved and 







Figure 4-7. Northern blot analysis of DrosophUa mRNA. A. Embryonic mRNA probed 
with fragments from the 5' and 3' regions of the Orflb/Orf2 transcript show the presence of 
alternatively spliced products. The 5' probe detects two products, at 6.5 and 1.6 kb, while 
the 3' probe detects only the 6.5 kb product. B. Developmental Northern using the 5' probe 
of Orflb/Orf2, which detects a 6.5 and 1.6 kb product, and a probe for a-tubulin. Four of the 
developmental time points shown (0-8 hr, 0-24 hr, 3-12 hr embryos and instar larvae) 
show bands for the presence of Orflb/Orf2 and tubulin, while the 0-2.5 hr embryo time point 
shows the presence of tubulin, and an undetectable level of Orflb/Orf2 message. This places 




Figure 4-8. OrfLa: Nucleic acid sequence and conceptual translation. Orfla is 1449 
nucleotides in length, translating into a 289 residue protein, with a predicted molecular 
weight of 31 kD. The boxed regions highlight potentially interesting features of the 
protein, including the putative starting methionine (aa 1), a (x-edicted transmembrane 
spanning domain (aa 10-24), and a 102 amino acid repeat region within the first 270 
amino acids. Repeat 1 (aa 47-149) and Repeat 2 (aa 165- 270) were found through 
homology with repeat domains found in C elegans. Orfla continues into intron 3, which 
is spliced out in the alternatively spliced transcript Orflb/OrO, creating 14 amino acids 
of unique protein sequence not contained in Orflb. This C-terminal sequence extension 
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Figure 4-9. Skeletor genomic clone g2Ab3 and genomic subclones. The g2Ab3-l clone was isolated from a X.gtl 1 library 
containing genomic sequences (Goldstein, Laymon et al. 1986). The first figure shows the overall lineup of the subclones with 
the 12975 bp Skeletor Genomic Clone (g2Ab3-l), as well as the D. virilis subcloned region (nt 8000-12000), which has been 
sequenced and compared to the D. melanogaster sequence. The 2*^ through 4'*' figures are enlargements of the genomic clone 
with the subclones contained within that region, as well as selected restriction sites shown beneath, as well as a scale bar. 
Please note: only selected restriction sites are shown, refer to the nucleic acid sequence in the database for further information. 
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Figure 4-9 (continued) 
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Features of the Skeletor Genomic Locus 
D. virilis Genomic region 
Orf la \ / 
Ornb/Orf2 
LEGEND: 
I I = Intron ^ = Exon 
= Core Promoter Region 
|||H|= Exon - Orfla extension 
1 = 3' UTR 
Figure 4-10. Schematic of the Skeletor genomic locus. Shown above is the Skeletor 
genomic clone, which contains 8 exonic regions (I-Vlll) and 7 intronic regions. Also shown 
are the two alternatively spliced transcripts (Orfla and Orflb/Orf2) that are derived from this 
locus, and their splicing patterns. Orfla can be seen to continue into intron 3, which is 
spliced out of the Orflb/Orf2 transcript. Shown below the genomic clone cartoon is the 
approximate location of the core promoter, and the region covered by the homologous 
Drosophila virilis clone that was sequenced. Sequence comparison of this region with the 
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Figure 4-11. Identification of the core promoter region of the Orfla and Orflb/Orf2 
transcripts. A series of sequential labeled DNA fragments (black boxes) from the Skeletor 
genomic clone were probed against Northern blotted Drosophila mRNA. The results suggest 
that the core promoter region lies between nts 1989-2039 of the Skeletor genomic clone with 
a non-canonical TATA-box at 1999-2003. The Neural Network Promoter Prediction 
program (Reese, 1995) predicts the start of transcription to be at base 2030 of the genomic 
clone. 
Figure 4-12. Bestfit Analysis (GCG Sequence Analysis Software Package) of the 
Amino Acid Sequences of the Skeletor Cienomic locus of Drosophila melanogaster 
and Drosophila virilis. The conceptual translations of the coding sequence of Skeletor 
&om D. melanogaster and the putative coding sequence (we do not have cDNA sequence 
available) of D. virilis, were compared using the GCG Bestfit program. Orfl showed a 
92% similarity and an 88.5% similarity to that of virilis "O^ while Skeletor OrC 
showed a 70% similarity and a 63% identity to virilis "Orfl" . Although the sequence 
identity drops in Orf2, the "character" of the sequence is maintained throu^ the 
conservation of low complexity regions such as the histidine-rich and serine- rich 
domains. 
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Percent Similarity: 69.665 Percent Identity: 62.652 
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Figure 4-12 (continued) 
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CHAPTER FIVE 
GENERATION AND CHARACTERIZATION OF ANTIBODIES 
AGAINST SKELETOR: ANALYSIS OF SKELETOR LOCALIZATION 
Introduction 
In this chapter I will describe the generation of antibodies against several regions of 
the Skeletor and Orfl proteins. The purpose of producing antibodies was two-fold. First, it 
was necessary to confirm that the Skeletor sequences that were cloned would generate the 
protein recognized by the mAb 2A, and that this protein was the antigen responsible for the 
2A staining pattern. Second, we wished to gain more information about the protein products 
generated from the unusual Orflb/Orf2 transcript, and to determine the differences in 
localization between this protein and the protein generated from translation of the Orf la 
transcript. To accomplish these goals, the polyclonal antibodies Bashful and Freja as well as 
the monoclonal antibodies IA1 and 1D4 were generated against Orf2 C-terminal domains, 
and the monoclonal antibody 6A6 was generated against the N-terminal repeat region of Orfl 
(Figure 5-1). In this chapter I will also describe the localization of the Orfl a and Skeletor 
Orf2 proteins in embryos, tissues, cells, and on polytene chromosomes using these 
antibodies. 
Cloning of Fusion Protein 3gexF and Generation of Antibodies 
The mAb 2A revealed an interesting, dynamic and cell cycle-specific staining pattern, 
as detailed in Chapter Three, and as shown in Figures 3-1 and 3-2. After two independent 
and different mAb 2A-specinc antigens were isolated in an expression screen, it became 
important to generate antibodies specific to both the JIL-1 antigen and the Skeletor antigen in 
order to determine the staining pattern and biochemical character of each. Moreover, 
possibly because the mAb 2A was of the IgM isotype, it did not recognize denatured antigen 
on SDS-PAGE gels, and we were interested in determining the molecular weight of the 
Skeletor protein. 
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The original 360 bp Skeleton isolate initially recognized by the mAb 2A was a good 
candidate for fusion protein production. Because this protein fragment had been shown to be 
inununogenic and recognized by the mAb 2A in a library screen, and the mAb 2A also 
showed strong and specific staining in vivo it seemed likely that other epitopes in the 360 bp 
region would be exposed and accessible, and thus antigenic. The 360 bp Skeleton DNA 
fragment was cloned in frame at the BamHI-EcoRI site of the pGex3 vector. The resultant 
clone, 3gexF, gave rise to a fusion protein consisting of 245 aa's of GST sequence followed 
by 118 aa's of Skeletor sequence. Induction of 3gexF fusion protein by IPTG produced a 
protein of approximately 40 kD, as expected. The induction level of the 3gexF protein was 
fairly high, and although there were proteolytic breakdown bands present, an ample amount 
of the 3gexF protein could be easily produced. The fusion protein was purified by passing 
extract over a Glutathione-agarose column, eiuting the 3gexF protein by competition with 
Glutathione, dialyzing against PBS, and concentrating in PEG. The relatively pure 3gexF 
protein was then injected into rabbits Freja, Kraka, and Sif to generate antisera. Animals 
were bled after the second boost (third injection), and after each subsequent boost. Sera were 
collected and affinity puriHed, selecting for antibody raised against the Skeletor sequence. 
Affinity purified serum was tested for specificity using spot test analysis, and showed good 
response against the 3gexF fusion protein, with little or no response against the pure GST 
fusion protein. All three antisera (Freja, Kraka, Sif) were tested on Western blots using 0-24 
hour Drosophila embryo extracts. Because of the unique structure of the Orflb/Orf2 cDNA, 
we were unsure whether translation was initiated in the S' region of the clone followed by 
frameshifting or read-through, or whether translation was initiated further 3', in the Orf2 
segment of the clone. For this reason we looked for bands on Western blots in the region of 
163 kD and 81 kD. We were unable to identify any promising bands using the Kraka and Sif 
antisera, however, Freja did react with proteins of these sizes, although the antibody proved 
to be fairly inconsistent. However, another piece of data that factored in to our decision to 
persist in using the Freja antibody was that we observed nuclear staining in embryos, both the 
interphase pattern, as well as metaphase spindles. Since Freja is a polyclonal antibody, there 
was a high background in stained embryos. For this reason, we attempted to affinity purify 
Freja. We observed lowered background when using Freja for Western blotting, however we 
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were not able to improve embryo staining using affinity purified Freja antiserum. A more 
detailed description of the sizes detected by Freja on Western blots and in 
immunoprecipitations follows in Chapter Six. 
In order to improve the quality of embryo and tissue staining using Skeletor-specific 
antibodies, as well as to eliminate the problem of cross-reactivity inherent in polyclonal 
antibodies, we wanted to produce monoclonal antibodies against Skeleton Using the same 
reasoning described above, 3gexF fusion protein was purified and injected into Balb/C mice, 
and sera from bleeds were screened using spot tests as previously described. After a fusion 
with the Sp2/0 mouse myeloma line was completed, approximately 500 supematants were 
screened against spot tests of both 3gexF and GST only protein. Only one 3gexF specific 
line was discovered, line lAl. Line lAl was subsequently cloned and established, and 
tested both by Western blot and embryo staining. Unfortunately, as was the case with the 
mAb 2A, mAb 1A1 was isotyped as an IgM Kappa chain, and failed to recognize denatured 
antigen on Western blots. 
Analysis of the mAb lAl Staining Pattern: The Localization of Skeietor 
Fortuitously, the mAb lAl proved to be a strong and specific antibody when used to 
stain tissues and embryos. As seen in Figure 5-2, the mAb lAl recapitulates the staining 
pattern of the original mAb 2A, with the exception of the centrosomal spot and with less 
apparent knobby-appearing staining at the metaphase plate. The ntLAb 1A1 again appears to 
stain the nuclear periphery and a clumpy dense meshwork in the interphase nucleus, possibly 
associated with or scaffolding the decondensed chromatin. As the cell enters prophase and 
the chromatin begins to condense, the Skeietor meshwork also seems to contract and 
reorganize, first forming a spokes-on-a-wheel type configuration (Figure 5-3), and then 
realigning into linear arrays. These arrays continue to align and build up into a true spindle 
structure at metaphase, which persists through anaphase into telophase, where another 
redistribution back into the interphase meshwork configuration is observed. This Skeletor-
specific mAb lAl staining pattern is convincing evidence that we have cloned the antigen 
responsible for a subset of the mAb 2A staining pattern. However, to further show that the 
staining pattern of the mAb lAl is specific to Skeietor, embryos were stained with 
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preabsorbed antibody. By incubating the mAb 1A1 with varying amounts of either 3gexF or 
GST only protein, and then using these preabsorbed antibodies to stain 0-3 hour embryos I 
was able to show mAb lAl specificity. As shown in Figure 5-4 , mAb lAl preabsorbed 
with even the lowest amount of fusion protein (10 ug) were not stained in the typical nuclear 
pattern shown by the untreated antibody stained embryos. Further, even the greatest amounts 
of GST only protein (120 ug) were unable to inhibit the mAb lAl staining. From these 
experiments we concluded that the mAb 1A1 was indeed speciflc to Skeletor, so I proceeded 
to further characterize the antibody staining pattern in other tissues and systems. 
As was the case with the mAb 2A, mAb lAl has shown nuclear staining in all 
Drosophila tissues tested to date, including ovaries, imaginal discs (data not shown) and 
whole mount salivary glands (Figure 5-5A). The cells of the imaginal discs are relatively 
small, but in spite of this the localization of Skeletor to the nuclei as shown by labeling with 
the mAb lAl is clear. By using confocal microscopy and double labeling the salivary nuclei 
with both mAb 1A1 and a DNA-specific dye, Hoechst, we were able to see with more 
precision that the two patterns appeared to have a great deal of overlap, suggesting that 
Skeletor may be closely apposed to the chromatin, however, we could not discern whether 
Skeletor was actually associated with the chromatin. To check for chromatin association, 1 
next prepared salivary gland squashes in order to immunolabel the large polytene 
chromosomes contained within the glands. Glands were dissected in PBS and fixed in a 
Paraformaldehyde/Acetic acid formulation, followed by squashing in Lactic acid/Acetic acid. 
Squashed samples were then washed, blocked and incubated with mAb lAl, followed by 
TRITC-conjugated secondary antibody and Hoechst labeling. As can be seen in Figure 5-5B, 
mAb 1A1 stained the large polytene chromosomes very strongly, labeling the chromosomes 
in an evenly distributed banding pattern. There seem to be "hot spots", with some bands 
appearing to be brighter than others, but the identity of these bands or the possible 
significance of Skeletor binding to these loci has not yet been addressed. It is also known 
that Hoechst dye labels the A-T rich condensed or heterochromatic regions of the DNA more 
brightly than it does other regions, so to test whether Skeletor may be enriched at these loci, 
we merged the double labeled images for comparison. When we merge the Hoechst labeled 
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chromosomes with the mAb lAl labeled chromosomes, we observe overlap at most loci, 
thus suggesting that Skeletor localizes to the more repressed or condensed interband regions. 
Localization in Other Animal Systems: Structures Recognized by Skeletor Antibodies 
Appear to be Conserved 
It is known that thousands of proteins are conserved across species boundaries, not 
only individually, but also functionally as multisubunit complexes and signaling pathways. 
Given the presence of Skeletor in the proposed spindle matrix, and given the obvious 
importance of cell division throughout biological systems, it seemed logical that Skeletor 
function would also be conserved across species boundaries. First, as detailed in Chapter 
Four, database homology searches revealed an N-terminal repeat region in common with two 
predicted proteins found in C. elegans. Subsequent staining of the gonad tissues from the 
nematode C. elegans also revealed strong nuclear staining (data not shown). As well, in 
collaboration with E>r. A. Forer we have shown that the noAb 1A1 can stain Drosophila and 
crane fly spermatocytes, labeling nuclei and meiotic spindles in addition to the mitotic 
spindles already observed in Drosophila melanogaster. (See Figure 5-6) Next I used the 
mAb 1A1 to stain CHO and HeLa cells, two mammalian cell lines. Strong and distinct 
patterns were obtained using both cold methanol and paraformaldehyde fixation conditions. 
The cell cycle-specific pattern seen first in Drosophila is convincingly conserved, albeit with 
some differences, most noticeably during interphase. During this stage the cells' nuclei show 
diffuse staining with strong concentrations at various foci, at times appearing to be speckles 
or circular bodies. (Figure 5-7A ) The number of distinct foci varies from cell to cell, 
however this may be an observational or technical difficulty, and quantitation has not been 
stringently pursued. As well it is not clear whether there is colocalization or association with 
the chromatin, however there is clear overlap between the mAb 1A1 labeled structures and 
the Hoechst labeled chromatin. As was seen in the Drosophila staining pattern, as the cell 
enters prophase and the chromatin begins to condense, the antibody-labeled proteins also 
seem to condense and move into a domain surrounding and complementary to the chromatin 
(Figure 5-7C). At metaphase, a clear spindle is formed that partially colocalizes with the 
mitotic spindle, though the mAb lAl-labeled spindle is much broader, spreading beyond the 
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boundaries of the microtubules (Figure 5-7B J)). As the cell moves through anaphase and 
telophase, there is some mAb lAl staining overlap with the microtubules in the midbody 
region, followed by a reorganization into a diffuse mesh in the two daughter cells, with the 
beginnings of stronger foci formation as seen at interphase. Given the evolutionary distance 
separating flies and humans, the patterns observed in mammalian cells emphasize the 
conservation and importance of the mAb lAl identified structure as well as function. 
Generation and Analysis of Peptide Antibodies 
The mAb lAl, notwithstanding its excellent ability to stain embryos and tissues was 
not able to detect protein on immunoblots. Although we had also generated the polyclonal 
antibody Freja, Western blot results were inconsistent, and as well, it was desirable to 
confirm our immunohistochemistry by generating antibodies to different regions of the 
Skeletor protein. It is generally accepted that antibody reactive epitopes are located at the 
outer surface of a protein, and that these regions normally contain hydrophilic stretches of 
amino acid residues. Skeletor Orf2 contains a fairly acidic region upstream of the zone 
against which Freja and mAb lAl were generated. The peptide CKPTLDELPAEDLNEEE 
was synthesized, conjugated to KLH and used to inject both rabbits Bashful and Happy, and 
mice (described below) for antibody generation. We also synthesized a peptide that 
corresponds to the extreme C-tenninal of Skeletor, peptide CSTKLQLLKPEGRRA. This 
peptide was also conjugated to KLH and injected into rabbits Grumpy and Sleepy. Animals 
were bled after each boost, and sera were collected and affinity purified, selecting for 
antibody raised against the Skeletor sequence. Affinity puriHed serum was tested for 
specificity using spot test analysis, and showed good response against the peptides, with little 
or no response against the pure KLH protein. Antisera from all four rabbits (Bashful, Happy, 
Sleepy and Grumpy) were tested on Western blots using 0-24 hour Drosophila embryo 
extracts. Again, because of the unique structure of the Orflb/Orf2 cDNA, we were unsure 
whether translation was initiated in the 5' region of the clone followed by frameshifting or 
read-through, or whether translation was initiated fiirther 3', in the Orf2 segment of the 
clone. For this reason we looked for bands on Western blots in the region of 163 kD and 81 
kD. We were able to identify various bands in these regions, although due to their polyclonal 
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nature it was necessary to purify the antibodies by constructing affinity columns and 
purifying the antibodies over these columns. A more detailed description of the sizes 
detected by Bashful on Western blots and in immunoprecipitations follows in Chapter Six. 
Again, to eliminate the problem of cross-reactivity inherent in polyclonal antibodies, 
we wanted to produce monoclonal antibodies against Skeletor using synthesized peptides. 
Using the same reasoning described above, the peptide corresponding to the acidic domain of 
Skeletor was injected into Balb/C mice, and sera from bleeds were screened using spot tests 
as previously described. After a fusion with the Sp2/0 mouse myeloma line was completed, 
supematants were screened against spot tests of peptide or KLH only protein. Several 
peptide-speciHc lines were discovered, and Line 1D4 was subsequently cloned and 
established, and tested both by Western blot and embryo staining. Unfortunately, as was the 
case with the mAb 2A and mAb 1 Al, mAb 1D4 was isotyped as an IgM Kappa chain, and 
failed to recognize denatured antigen on Western blots. On the other hand, the mAb 1D4 
stains embryos, tissues, cells and polytene chromosomes in a pattern identical to that which is 
seen using the mAb lAl. Given that this antibody was raised against an epitope contained 
within a different domain of Skeletor, the identical staining pattern is further evidence that a 
gene product generated from the Skeletor cDNA is responsible for the dynamic cell cycle-
specific staining pattern observed using the mAbs 2A, lAl, and now 1D4. 
Generation of the Oifla Specific Monoclonal Antibody 6A6 
The complex Skeletor genomic locus was found to encode two alternatively spliced 
transcripts, Orfla and Orflb/Orf2, described in detail in Chapter Four. Given the unusual 
structure of the large transcript, which contains two overlapping open reading frames and no 
easily identifiable starting methionine, it was difUcult to predict the sizes of the protein(s) 
that might be produced. I was also interested in the localization patterns of the proteins 
generated from the two transcripts, and if they were both functionally connected to Skeletor 
spindle formation. Although protein localization prediction programs showed that the 
sequence of Orfla was likely cytoplasmic, I wanted to examine the protein's localization in 
vivo. Thus it was important to generate a tool for determining what protein products were 
actually being translated. To facilitate this analysis I designed an N-terminal fusion protein 
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containing Orfl sequences covered by both transcripts, as well as the repeat region that 
showed homology to two proteins in the C. elegans database. I reasoned that this repeat 
domain might function as either a DNA or protein binding domain, and would therefore be 
likely to be exposed on the surface of the folded protein. Using PGR primers to generate 
restriction sites, I subcloned transcript sequence from bases 381 tol 189 into the pGex GST 
fusion system, which should generate a fusion protein close to 57 kD (including 27 kD of 
GST protein). Induction of this fusion protein by IPTG produced a protein of approximately 
57 kD, as expected. The induction level of the protein, called SkelRep was fairly high, and 
although there were proteolytic breakdown bands present, an ample amount of the protein 
could be easily produced. The fusion protein was purified by passing extract over a 
Glutathione-agarose colunm, eluting the SkelRep protein by competition with Glutathione, 
dialyzing against PBS, and concentrating in PEG. The purified SkelRep protein was 
relatively insoluble. After dialysis and concentration for injection, SkelRep fell out of 
solution as a white, flocculent precipitate. The insolubility did not cause any problems for 
the injection and antibody production procedures; however, the protein was not useful for 
later preabsorption experiments that were attempted. Purified SkelRep was injected into 
Balb/C mice, and sera from bleeds were screened using spot tests as previously described. 
After a fusion with the Sp2/0 mouse myeloma line was completed, approximately several 
hundred supematants were screened against spot tests of both SkelRep and GST only protein. 
One SkelRep specific line was discovered. Line 6A6, and was subsequently cloned and 
established, and tested both by Western blot and embryo staining. mAb 6A6 was isotyped as 
an IgGl- Kappa chain and proved to be effective on immunoblots , embryo and cell staining. 
A more detailed description of the sizes detected by mAb 6A6 on Western blots follows in 
the next chapter. 
Analysis of the mAb 6A6 Staining Pattern: The Localization of Oifla 
Oddly, in contrast to Skeletor Orf2-specific antibodies, labeling of both embryos and 
transfected cells (data shown in Chapter Six) with Orfl-specific mAb 6A6 shows a 
cytoplasmic pattern, reminiscent of the endoplasmic reticulum. Figure 5-8 shows Drosophila 
embryonic nuclei stained with mAb 6A6 supernatant. Orfl localization is clearly 
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cytoplasmic, and seems to be ubiquitously present in the embryo outside of the nuclear 
boundary. It can also be seen in many embryos that the mAb 6A6 labeling is more heavily 
concentrated around the outside of the nuclear membrane, forming a kind of collar, and 
fading in intensity with distance from the nucleus. The mAb 6A6 pattern does not appear to 
be cell cycle-specific; at all times Orfl is excluded from the nucleus, more heavily clustered 
near to the outer boundary and extending into the cytoplasm. Attempts at detecting 
endogenous Orfl in mammalian CHO cells were not successful, although heterologous 
expression in transfected cells showed a localization similar to that seen in Drosophila 
embryos (data shown in Chapter Six). Co-localization studies with components of the 
endoplasmic reticulum or other cytoplasmic structures have not been done, but would be a 
logical next step in characterizing this Orfla product generated from the Skeletor containing 
gene locus. Because the Orfla sequence is contained within the Orflb/Orf2 sequence that 
encodes Skeletor, there may be a functional or regulatory connection between the two 
proteins. Based upon the localization studies described in this thesis, no immediate 
connection can be made, but the possibility cannot be ruled out. 
Summary 
To understand the function of a protein it is first of all important to describe its 
biochemical nature and pattern of localization. In order to facilitate this analysis for the 
Skeletor and Orfl proteins, antibodies against both the N-terminal and C-terminal regions 
have been generated and used in localization studies. The mAb 6A6, directed against the N-
terminal portion of the sequence contained in both the Orfla and Orflb/Orf2 transcripts 
identifies Orfl as a cytoplasmic protein. Conversely, monoclonal antibodies lAl and 1D4 
confirm that the Skeletor protein containing Orf2 localizes to the nucleus, in a dynamic cell 
cycle-specific pattern. As well, nuclear localization including spindle structures was seen in 
a broad variety of tissues; Drosophila embryos, imaginal discs, ovaries, and salivary glands, 
C. elegans gonads. Crane fly spermatocytes, and a variety of manunalian cell lines. Analysis 
of salivary nuclei was extended to include immunolabeling of polytene chromosome 
squashes, which gave results suggesting that Skeletor is chromatin associated in interphase 
nuclei. Finally, the generation of antibodies to both the C-terminal and acidic domains of 
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Skeletor, and the resultant staining pattern which recapitulates the original mAb 2A staining 
pattern is evidence that the Skeletor cDNAs I have cloned translate into the antigen 
recognized by the mAb 2A. Consequently, Skeletor has been confirmed as the 
nucleoskeletal protein first identified by the mAb 2A, which forms a nuclear meshwork at 
interphase and then reorganizes into a spindle at metaphase, thus participating in cellular 
















Figure 5-1. The protein coding potential of the Skeletor locus is complex. The protein 
coding potential of the Orfla and Orflb/Orf2 mRNAs are depicted above with black boxes 
portraying the regions against which new antibodies have been raised. Orfla encodes a 
potential 31 kD protein, which contains an unusual 102 amino acid conserved repeat. 
Orflb/Orf2 includes two potential overlapping open reading frames, Orflb and Orf2. Orflb 
would translate to an 87 li) protein, containing the same conserved repeat as Orfla. The 
mAb 6A6 has been raised against this repeat domain that is in common with both. Orf2 
would translate into an 81 kD protein, and contains three low complexity regions. The 
Bashful and mAb 1D4 antibodies have been raised against the aci^c domain, and the Freja 
and mAb 1A1 antibodies have been raised against C-terminal sequences. 
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Figure 5-2. Drosophila embryo nuclei labeled by mAb lAl from various stages of the 
cell cycle: A. Interphase B. Prophase C. Late Prophase D. Prometaphase E. Metaphase 
F. Anaphase G. Early Telophase H. Late telophase. At prophase (B) the interconnected 
meshwork labeled by mAb lAl in interphase (A) begins to condense and reorient into linear 
arrays, which by late prophase (C) appears to be a spindle-like structure. This spindle co-
aligns with the microtubule spindle at metaphase (E) and persists through anaphase (F) as the 
chromosomes are pulled to the poles. In telophase (G,H), the labeled structures appear to 
decondensed and redistribute into the two daughter cells, as a meshwork like configuration as 
seen during interphase (A). mAb 1D4, which was generated against a different peptide than 
the mAb 1 Al, gives rise to an identical pattern as the one shown above. 
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Figure 5-3. Drosophila embryonic nuclei during prophase display a spoke-like pattern 
when labeled with the mAb lAl. At prophase, the structures labeled by mAb I Ai appear 
to condense along with the chromatin, however, as shown by the arrows, spoke-like 
extensions appear to connect this condensed material to the mAb 1 Al labeled nuclear 
envelope region. 
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Figure 5-4. The nuclear structures labeled by mAb lAl can be preadsorbed by the 
Skeletor-specific fusion protein 3gexF. A. Embryos stained by the untreated mAb 1A1 
show a dynamic nuclear cell cycle-specific staining pattern. B. Embryos stained by mAb 
1A1 preadsorbed with the Skeletor-specific fusion protein 3gexF, show no labeling. C. 
Embryos stained by mAb 1A1 preadsorbed with the non-specific fusion protein GST, show 
the same cell cycle-specific labeling as the untreated antibody labeled embryos. These 
results suggest that the structures labeled by the mAb 1A1 correspond to Skeletor-specific 





Figure 5-5. mAb lAl localizes to the chromosomes during interphase. A. Whole-mount 
salivary gland nuclei stained with mAb lAl (red) and Hoechst (green) show extensive 
colocalization in the merged image, suggesting that Skeletor is chromatin associated during 
interphase. The nucleolar region is not labeled by mAb lAl. B. Polytene chromosome 
squashes show that mAb 1A1 is in fact chromatin associated, decorating the polytene 
chromosomes in a banding pattern. In double labeling studies with Hoechst and mAb 1A1 
(right), merged images show extensive co-localization, suggesting that Skeletor may localize 
preferentially to the more repressed, interband regions. 
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Drosophila Spermatocytes 
Figure 5-6. mAb lAl labeling of Drosophila spermatocytes suggests that the spindles 
formed by Skeletor are a general phenomenon seen also in meiosis, and not specific to 
embryonic mitosis. Double labeling of spermatocytes with mAb 1A1 (red) and anti-tubulin 
antibody (green) show spindle-Ike structures, similar to spindles seen in embryonic mitosis. 
These confocal studies were done in collaboration with Dr. Arthur Forer. 
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Figure 5-7. mAb lAl labels homologous structures in mammalian ceil lines. During 
interphase (A) mAb 1A1 labels CHO cell nuclei in an intranuclear punctate pattern. At 
prophase (Q, the mAb IA1 labeled structures (green) condense and occupy an intranuclear 
space complementary to the condensing chromatin (blue). At metaphase, both CHO cells 






Figure 5-8. mAb 6A6 labels Drosophila embryos. mAb 6A6, generated against the repeat 
region of Orfl, labels cytoplasmically localized structures. The cytoplasmic labeling is 
diffuse throughout the embryo, excluding the nucleus, but is heavier at the outer periphery of 
the nucleus, forming a sort of collar. A. Confocal slice of an embryo labeled with mAb 6A6. 
B. An earlier embryo, showing staining of structures surrounding the nucleus and extending 
more diffusely into the cytoplasmic space. 
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CHAPTER SIX 
BIOCHEMICAL CHARACTERIZATION AND ANALYSIS 
OF SKELETOR PROTEIN PROCESSING 
Introduction 
In previous chapters it has been shown that Skeletor and Orf 1 are derived from a 
complex locus consisting of two overlapping open reading frames, the second of which 
contains no obvious starting methionine. It was also shown that antibodies generated against 
Skeletor-specific fusion proteins and peptides recognize two distinct proteins. The protein 
recognized by mAb 6A6, the Orf 1 product, was localized to the cytoplasm, labeling embryos 
in a pattern clearly distinct from the pattern seen with antibodies raised against Skeletor OrfZ. 
These antibodies, mAb 1 Al, mAb 1D4 and Freja, show a nuclear localization pattern, 
staining embryos in a configuration that changes in a cell cycle-specific fashion. While these 
localizations within the cell were predicted from computer analysis of the conceptual 
translation of the two transcripts (detailed in Chapter Four), the unusual structure of the 
Orflb/Orf2 transcript, along with the lack of an easily identifiable starting methionine for 
Orf2 make it difficult to predict exactly which proteins are actually produced. Polycistronic 
genes are common in prokaryotes but rare in eukaryotes. While examples of genes such as 
kelch (Robinson and Cooley, 1997), SNURF (Gray et al., 1999) and mei-217/218 (Liu et al., 
2000) can be found, their structure varies from that of Orflb/Orf2. SNURF and Kelch are 
produced from a single transcript with a UGA stop codon separating ORFl and ORF2. After 
regulated stop codon readthrough, two proteins are produced, a full-length (ORFl-tORF2) 
and ORFl only. In the case of mei-217/218, Orfl and Orf2 are overlapping open reading 
frames similar to the Orflb/Orf2 situation, however the second ORF contains an initiating 
ATG, which is not obvious in the case of Skeletor Orf2. Thus although similar dicistronic 
genes exist, there is no clear example in the literature that might fully explain the complex 
Skeletor locus. The purpose of this chapter and of the analysis contained herein is two fold. 
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First, in order to more fully understand the function of the Skeletor and Off 1 proteins, it is 
important to describe the proteins biochemically; knowing their molecular weights may 
provide insight into where protein translation is initiated, and solubility characteristics and 
fractionation studies can provide confirmation of localization within the cell, as well as 
information as to whether Skeletor may be a component of the insoluble nuclear matrix. 
Second, the fact that multiple Skeletor-specific antibodies recognize an C)rf2 protein 
produced from the unusual Orflb/Orf2 transcript suggests that Orf2 is indeed translated. The 
question remains as to how this translation is initiated and/or executed. In this chapter I will 
show Western blot data directed at addressing the biochemical questions, as well as in vitro 
transcription-translation analysis of the Skeletor cDNAs to find out if they can be translated. 
I will also describe the construction and transfection of epitope tagged genes, designed to 
speak to the questions of which proteins are produced from the Orflb/Orf2 transcripts, and 
where these proteins localize within the cell, thus establishing a base from which to address 
more complex questions in the future, such as how this alternative mechanism of translation 
is effected. 
Biochemical Analysis of the Skeletor Protein 
Western Blot Analysis of Skeletor Proteins 
As mentioned in Chapter Five, the mAbs 1A1 and ID4 were isotyped as the IgM 
class, and failed to recognize denatured antigen on SDS-PAGE. The polyclonal antibodies 
Bashful and Freja did detect proteins on blots, however, due to their polyclonal nature, they 
produced blots that included many spurious bands. To circumvent this problem, I 
constructed affinity colunms designed to eliminate or at least to lower the number of 
background bands. Affinity purified Bashful was produced by coupling pure Bashful-
specific peptide to a CnBr-sepharose matrix, followed by incubation with Bashful antiserum, 
washing and elution. Likewise, afHnity puriHed Freja was produced. Freja antiserum was 
run over negative selection column in order to remove GST-specific antibodies, followed by 
a Skeletor-speciflc fusion protein column. Both affinity puriHed antibodies. Bashful and 
Freja, were tested on spot tests and found to react specifically with the appropriate fusion 
protein or peptide, and minimally or not at all with controls. 
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Affinity puriHed Bashful and Freja were used on Western blots of homogenized 
embryonic extracts. As seen in Figure 6-1 A, both Bashful and Freja detect a band at 
approximately 81 kD, the approximate size estimated from the conceptual translation of Orf2 
assuming that it begins at or near the in-frame stop codon. To further show the speciflcity of 
these two antibodies, preabsorption experiments were performed. As described in Materials 
and Methods, antibodies were preincubated with either antibody-specific protein or control 
protein, and then incubated with Western blots of embryonic extract. For both affinity 
purified Bashful and Freja, Figure 6-2 shows that detection of the 81 kD protein is blocked 
by preincubation with antibody-specific protein. Conversely, even high amounts of control 
protein are unable to block detection of the 81 kD protein, suggesting that Bashful and Freja 
antibodies are specific to the C-terminal and acidic regions of Skeletor, respectively, and that 
they are both able to detect a protein of approximately 81 kD on Western blots. 
As has been discussed in previous chapters, sequence homology between nematode 
and both Orfla and Orflb was found through database mining. To test whether C. elegans 
protein extracts would also contain structures that could be recognized by Freja, total protein 
was run on an SDS-PAGE gel and blotted nitrocellulose strips were incubated with Freja 
antibody preabsorbed with either GST protein only or Freja-specific 3gexF protein. 
Intriguingly, two bands were seen that could be preabsorbed. (See Figure 6-2) The first was 
a strong band at 105 kD, and the second was weaker, running at 49-50 kD. Partial 
preadsorption was seen using only 4 ug of protein, and total interference with Freja antibody 
using 10 ug. Control protein showed no effect, even at the highest concentration. These 
results suggest that C. elegans may contain a protein, which although larger, contains 
structures homologous to those of Skeletor and is recognized by the Freja antibody. 
To further confirm that the 81 kD band recognized on Western blots by both Bashful 
and Freja actually represented the same protein I performed cross-immunoprecipitation 
experiments. Both Freja and Bashful immunoprecipitated an 81 kD protein, as seen in Figure 
6-IB. Additionally, the Freja-immunoprecipitated 81 kD protein could be detected by 
Bashful, and the Bashfiil-immunoprecipitated 81 kD protein could be detected by Freja. This 
complementary detection strongly suggests that Bashful and Freja, which were made to 
different peptide sequences within Skeletor Orf2, recognize the same 81 kD protein. 
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The alternatively spliced transcript from the genomic locus containing Skeletor, 
Orfla, should encode a protein of approximately 31 kD, while a translation starting at the 
same methionine of the larger transcript, Orflb/Orf2, would produce a product of close to 87 
kD. I used the mAb 6A6, made against N-terminal sequences in common with both 
transcripts, to detect specific proteins in Drosophila embryonic extracts. As shown in Figure 
6-1 A, the 31 kD protein predicted from Orfla is in fact detected, however, repeatedly, blots 
have failed to detect the 87 kD product predicted from Orflb. While very long exposure 
times using the ECL detection system do show other spurious bands detected by the mAb 
6A6, none ran at 87 kD, and reasonable exposure times generate a single, very clean and 
strong 31 kD band, consistent with our prediction for Orfla. 
Cell Fractionation Studies 
When Drosophila embryos are inmiunolabeled with the mAb lAl, we observe 
staining in close proximity to or associated with the nuclear envelope, and a dense, clumpy 
meshwork within the nucleus. As the cell enters the mitotic cycle, these structures appear to 
undergo a reorganization and alignment into linear arrays that ultimately form a spindle. We 
wondered if the Skeletor structures making up this nuclear architecture might be a part of the 
"nuclear matrix", the relatively insoluble material remaining after the extraction of the nuclei 
with detergent, nucleases, and high salt (Berezney and Coffey, 1974; Berezney and Coffey, 
1977). This material includes the filaments and proteins tightly associated with the matrix, 
nucleolar remnants, and the nuclear lamina and pore complexes (Fisher et al., 1982). To test 
this hypothesis both Drosophila embryos or Drosophila S2 cells were lysed and nuclei were 
isolated and sequentially extracted according to the method of Fisher, 1982. Extraction 
included DNAse/RNAse incubation to remove the nucleic acids, Triton X-100 treatment to 
remove membranes and membrane associated proteins, and finally, a high sodium chloride 
treatment to remove less tightly associated proteins. These treatments were followed by 
heating in solubilization buffer, treatment with iodoacetamide, SDS-gel electrophoresis and 
blotting to nitrocellulose. Western blots were then probed with Bashful and Freja antibodies. 
Representative results are shown in Figure 6-3. The results consistently confirm the nuclear 
localization of Skeletor, as both Bashful and Freja detect an 81 kD band in the nuclear, but 
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not the cytoplasmic fraction. When the nuclei are further subfractionated. Bashful antibody 
shows the 81 kD protein to remain with the nuclear matrix fraction. The Freja antibody has 
been less consistent, and perhaps the antibody epitope is sensitive to extraction conditions. 
However, several experiments using either embryos or S2 cells as starting material have 
shown that Freja also detects the 81 kD protein in the subnuclear matrix fraction. As well, 
Freja seems to detect a band at 200 kD, and in fact, in some experiments, Freja has detected 
only the 200 kD band. This 200 kD band may represent a cross-linked or aggregated fonn of 
Skeletor, or may simply be an extraction artifact that is recognized by the polyclonal 
antibody Freja. 
These results are consistent with our immunohistochemical staining data showing that 
Skeletor is a nuclear protein. The Hnding that it may also be a component of the insoluble 
nuclear matrix fraction of the cell implicates Skeletor as a possible element of the 
nonchromatin nuclear substructure, also called the interchromosomal domain compartment 
(Cremer et al., 1993; Razin and Gromova, 1995; Zirbel et al., 1993), or the 
extrachromosomal nuclear domain (Wasser and Chia, 2000). This substructure has been 
shown to organize the enzymatic complexes that participate in DNA replication, RNA 
transcription, splicing and transport, as well as providing dynamic structural organization 
within the nucleus (Cook, 1991; Cremer et al., 1993; Fey et al., 1986; Hozak et al., 1993; 
Hozak et al., 1994; Hozak et al., 1995; Jackson and Cook, 1986; Lawrence et al., 1989; 
Mirkovitch et al., 1984; Paddy, 1998; Stein et al., 1999a; Zirbel et al., 1993). Opponents of 
classifying a protein as a component of this dynamic nuclear substructure based upon the 
results of biochemical nonphysiological extraction procedures have described the 
fractionation as merely aggregation or precipitation of high concentrations of RNA and 
nuclear proteins (Singer and Green, 1997). However, light and electron microscopy studies 
of immunolabeled samples have correlated many of these biochemically-extracted proteins to 
nuclear matrix structures (Fey et al., 1986; Hozak et al., 1994; Lawrence et al., 1989; Merdes 
and Cleveland, 1998; Mittnacht and Weinberg, 1991; Paddy, 1998; Wan et al., 1994; Xing 
and Lawrence, 1991). As well, many chromatin-associated proteins such as histones are 
efficiently extracted by detergent or high salt treatments (Berezney and Coffey, 1974; 
Berezney and Coffey, 1977; Fisher et al., 1982; Oegema et al., 1997), suggesting some 
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specificity in the proteins that are selectively retained in the matrix subnuciear fraction. 
Functional differences have been found for some of these specifically retained proteins based 
on their association with the nuclear matrix. For example, it was shown that transcription 
factors apportioned with the insoluble matrix fraction when in their active form, but were 
found in the soluble fraction otherwise (Stein et al., 1998). The localization of Skeletor to 
the nuclear matrix fraction is not a positive proof of a specific function however, but is a 
suggestion that Skeletor may function within this interchromosomal domain compartment. 
Future experiments attempting to positively correlate proteins identified in two-hybrid 
screens that interact with Skeletor may benefit by knowledge of the subnuciear localization 
of Skeleton 
Analysis of the TranscripUonal/TransIational Processing of Skeletor 
In vitro Transcription-Translatioii Studies 
The Orflb/Orf2 transcript contains the coding potential for the sequences against 
which the Freja, Bashful, mAb lAl and mAb 1D4 antibodies were generated. Although the 
Orflb/Orf2 transcript has an unusual overlapping reading frame structure, antibody reactivity 
against Orf2 suggests that it is translated, through an as yet undetermined mechanism. To 
test the hypothesis that Orf2 is translated, I first carried out in vitro transcription-translation 
studies. Two constructs were used; full-length Orflb/Orf2 and full-length Orfla cDNAs 
were cloned into pBluescript II vectors with the T7 promoter 5' of the genes. Coupled in 
vitro transcription-translation reactions were performed on these constructs according to the 
protocols in the Proteinscript n T7 Kit, which uses rabbit reticulocyte lysate as the translation 
extract. (35) S-methionine labeled proteins were separated on SDS-PAGE gels and then 
dried down and exposed to film. In a second experiment, translation reactions were 
immunoprecipitated with Skeletor-specific Bashful antibody. Western blotted, and then 
exposed to film after inununodetection. The results in Figure 6-4 show that the Orf2 and 
Orfla sequences were able to be transcribed and translated, even using a heterologous rabbit 
reticulocyte lysate system. The Orfla translation product ran at approximately 35 kD, close 
to the expected molecular weight of 31 kD. The Orflb/Orf2 translation gave two products, a 
strong band at 58 kD and a weaker one of approximately 37 kD. Whether this smaller 
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product results from a separate initiation event or is a proteolytic product of a larger protein 
cannot be determined firom this data. Transcription-translation extracts labeled with (35)S-
methionine were then immunoprecipitated using Skeletor-specific Bashful antibody coupled 
to Protein G beads, run on an SDS-PAGE gel and Western blotted. Bashful antibody 
detected a band at 58 kD, and a very weak band at 37 kD. The Western blot membrane was 
then dried and exposed to Him. Bands of 58 and 37 kD were detected on the autorad, 
corresponding to those seen on the Bashful antibody detected blot. Previous results using the 
Bashful antibody against embryonic extract showed the detection of an 81 kD band. The 
molecular weights of the proteins observed in this experiment run at 58 and 37 kD. Although 
these results do not appear to be consistent, several possibilities exist to explain the size 
discrepancies. First and most importantly, this experiment was done using extracts from a 
heterologous system, rabbit reticulocyte lysates, which may not contain the appropriate 
components in the appropriate context to yield the proteins produced in the normal context. 
Production of the 81 kD protein may be developmentally or cell cycle regulated, and the 
proteins responsible for this regulation may not be present in this heterologous system. 
Second, it is possible that some proteolytic activity is present in these extracts that produces a 
specific cleavage within a larger translation product, thus yielding products of lower 
molecular weight. Third, it is possible that out of context, translation initiation at a normally 
less-favorable ATG could occur. For example, in prokaryotes, RNA interactions between 
small ribosomal subunit RNA and mRNA sequences can direct the ribosome to the initiation 
site. Although this has not been shown in eukaryotes, consensus sequences surrounding 
initiation codons have been shown to strongly influence initiation site selection. It is thought 
as well that intramolecular mRNA base-pairing and trans-acting proteins can modulate 
translation in both prokaryotes and eukaryotes (Sprengart and Porter, 1997). Fourth, the lack 
of complete 5' and 3' UTR sequences could influence mRNA secondary structure, which 
may contribute to proper translational initiation (Day and Tuite, 1998). Finally, although 
pseudoknot structures or specific IRES (Internal Ribosome Entry Site) structures have not 
been found, it is plausible that similar sequences within the Orflb/C>rf2 transcript exist, 
making internal initiation a possibility (Sprengart and Porter, 1997). The transcription-
translation of the Orfla/OrfZ cDNA in this system does not yield products of the sizes we 
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would predict, however, the production of a product and the fact that the Orf2-specific 
Bashful antibody recognizes this product does suggest that OrfZ can be produced and that 
there may be an unusual mechanism for the translation of Skeletor Orf2. 
Analysis of Skeletor Protein Processing: Epitope*tagged Gene Constructs 
The questions of which proteins are produced from the Orflb/Orf2 transcripts, and 
where these proteins localize within the cell have only been partially answered using 
antibodies generated against specific regions of the protein sequences. Localization 
predictions using computer programs such as PSORT D have predicted the cytoplasmic 
localization of Orf la and Orf lb, and the nuclear localization of Orf2. Immunocytochemistry 
studies using antibodies generated against specific Orf 1 and Orf2 domains corroborate these 
predictions, and fractionation of embryonic extracts into cytoplasmic and nuclear fractions 
confirms the conclusion that Orf2 is localized to the nucleus. However, a protein of 87 kD, 
the predicted size of the Orf lb translated product, has never been detected. Further, although 
in vitro transcription-translation studies using a heterologous system point to the probability 
that Orf2 is somehow translated, the questions remain as to where translation of Orf2 is 
initiated, and how the problem of the frameshift is circumvented if initiation begins within 
Orf lb. The possibility of regulated initiation at an internal methionine is also a possibility, 
given the results showing translation of a 58 kD protein from the full length Orflb/Orf2 
during in vitro transcription-translation experiments. To address these questions, I designed 
a series of constructs consisting of Skeletor cDNAs fiised to either a C-terminal V5 epitope 
tag or an N-terminal myc epitope tag that could be transfected into a homologous system, the 
Drosophila S2 cell line. As shown in Figure 6-5, four different cDNAs were cloned into the 
pMT/v5/His6 vector, with their C-terminal ends fused in-frame to the V5 epitope tag for 
antibody detection. The first construct, pMT-Skel, contained the full Orflb/Orf2 cDNA, and 
the second and third constructs contained truncated forms of this transcript. pMTA235 is a 
truncation of the first 235 amino acids of Orflb, and was designed to test whether the N-
terminal methionine presumably used to initiate translation of Orfla and Orflb is also used to 
initiate the Orf2 protein recognized by Freja, Bashful, and mAbs 1A1 and 1D4. pMTA838 is 
a truncation of 838 amino acids, and begins within Orf2. This construct was designed to test 
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whether the full Orf2 product would be produced if the first 90 amino acids were deleted. 
Data from experiments in which the full Orf2 (including these 90 amino acids) was fused to 
the GFP gene showed that Orf2 was able to be localized to the nucleus. (Data shown later in 
this chapter, under Epitope-tag/GFP Localization Studies). Finally, Orfla was cloned into 
the pMT-V5 vector and called pMT-Orfla-v5 in order to confirm the in vitro transcription-
translation results that showed Orfla to be conventionally translated into a protein close to 
the predicted molecular weight of 31 kD. An additional construct was produced that utilized 
two epitope tags; the C-terminal V5 tag as well as an N-terminal myc tag. This construct was 
made by inserting an Xba I cloning site inunediately upstream of the ATG of Orflb/Orf2. A 
small DNA fragment consisting of annealed oligos coding for the myc epitope and half-Xba I 
sites at either end was then cloned in-frame into the Xba I site. I inserted a different epitope 
tag at both ends of the construct with the aim of being able to distinguish between the (at 
least) three possible products that could be derived from the Orflb/OrfZ cDNA: I) An 87 kD 
myc-tagged protein initiated at the N-terminus, 2) an 81 kD or larger VS-tagged construct 
initiating within the cDNA and including Orf2 and the C-terminus, and 3) A protein product 
containing both the myc and V5 tags, implying initiation at the N-terminus and some type of 
readthrough to the Orf2 containing C-terminus. This construct, pMT-mycSkel-v5 was 
designed in order to follow the fate of any proteins produced from the unusual Orflb/Orf2 
transcript that carried either the N-terminal epitope, the C-terminal epitope, or both. Using 
this strategy I hoped to begin to understand the unusual translation mechanism that seems to 
be necessary in order to produce Skeletor Orf2. 
The five constructs were transfected into S2 cells and the Metallothionein promoter 
was induced for 24 hours, followed by Western blotting and detection. The monoclonal 
antibodies anti-V5, 9E10 (anti-myc), and 6A6 (anti-Orfl) were detected using the ECL 
detection system, and the polyclonal antibodies Freja and Bashful were detected using DAB-
Hydrogen Peroxidase color detection. The following results are shown in Figure 6-6. 
Since the V5 epitope tag is fused to the extreme C-terminus of Skeletor, and Freja and 
Bashful recognize epitopes within more C-terminal regions, I predicted that the VS and 
Freja/Bashful antibodies would recognize the same protein. This proved to be the case, as all 
three antibodies recognized a 105 kD protein produced from either pMT-Skel or pMT-myc-
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Skel expression, as shown in Figure 6-6A. After subtraction of the V5-tag molecular weight, 
the protein produced would be approximately 100 kD. Both VS and Freja antibodies also 
recognize a minor band at 57 kD, which may be either a separately initiated protein or a 
"breakdown" product of the 105 kD protein. These results are confirmed by 
immunoprecipitations, in which a 105 kD protein inununoprecipitated by the V5 antibody 
can be detected by either V5 or Freja antibody, as shown in Figure 6-6B. Interestingly, 
expression of the myc-tagged construct followed by detection with the 9E10 (anti-myc) or 
6A6 (against the N-terminal portion ofOrfl) antibodies identifies a 90 kD band, the size 
predicted for Skeletor Orflb after subtraction of the myc tag (-88 kD). 
When the pMTA235 or pMTA838 constructs were transfected and expressed, the 
results were surprising. Detection of the products produced by these two constructs using the 
V5 antibody showed a 57 kD protein, the same size as the minor product produced from the 
two "full-length" constructs (See Figure 6-7). The intensity of this band derived from 
pMTA235 expression is similar to that of the full-length constructs. On the other hand, 
expression of the 57 kD protein from pMTA838 is extremely high when compared to the 
other constructs. This 57 kD band is recognized by Freja, as shown with the full-length 
constructs. 
Finally, expression of the pMT-Orfla-v5 construct followed by detection with V5 
yielded a protein of around 32 kD, close to the size predicted for the Orfla protein. 
These results do not fully explain the unusual mechanism of translation that is utilized 
in vivo for the regulated production of the Orflb/Orf2 proteins, however, we can make 
several conclusions from these experiments. First, the Orfla appears to produce the expected 
31 kD protein, presumably through conventional mechanisms. Second, the Orflb/Orf2 
transcript produces more than one protein from a single transcript. Orflb, predicted to be 87 
kD is produced, as shown through the use of the N-terminal myc tag, as well as by the N-
terminal specific mAb 6A6. This implies as well that translation beginning at the 5' ATG 
continuing through to the stop codon, a conventional translation mechanism, is being 
utilized. Third, through an as yet unknown mechanism, Orf2 is also being translated, 
yielding an approximately 100 kD protein, as evidenced through its detection with the 
Skeletor-specific Freja antibody, as well as the C-terminal V5 epitope-specific V5 antibody. 
91 
As well, the initiation does not appear to be at the 5' ATG, as no myc epitope is detected on 
the 100 kD product. What possibilities exist to explain the apparent molecular weight of this 
protein? As Orf2 alone is predicted to be 81 kD, initiation may occur at sequences within the 
upstream Orflb, followed by readthrough into Orf2, thus resulting in a ICQ kD protein. How 
this readthrough is effected cannot be determined by these experiments. Alternatively, as 
described in the previous section, these mRNAs are not in a "normal" cell cycle-specific or 
developmental context, and as well, contain extra (epitope tag) sequences. These changes 
may result in either an altered mRNA secondary structure or in mRNA translation lacking 
specific trans-acting factors, which may influence what proteins, are produced. However, 
this experiment does clearly show that the Orflb/C)rf2 transcript is able to produce an Orf2 
containing protein. 
More speculative conclusions can also be drawn from these experiments. A 57 kD 
protein that can be detected with VS and Freja antibody is also present. This protein may 
either be a proteolytic product of the 100 kD protein or a second protein, resulting from a 
separate internal initiation event. Because the expression of this 57 kD protein was variable 
in separate experiments, the theory that this is a proteolytic product is attractive. However, 
we observed this protein (or another protein almost identical in size) after the transfection 
and expression of the truncated constructs pMTA235 or pMTA838. This data implies that 
initiation can occur at an ATG within Orf2. Under normal conditions, this ATG is perhaps 
the less favored initiation site, but when upstream sequences are artificially removed, the new 
context perhaps favors initiation at this internal ATG. Certainly the secondary structure of 
these truncated mRNAs is altered compared to the Orflb/Orf2 mRNA, and this idea is 
supported by the drastic increase in expression of the 57 kD protein from the pMTA838 
construct, which contains no Orflb sequence. But does a corresponding ATG exist within 
Orf2? The first ATG downstream of the start of the pMTA838 occurs after 228 amino acids, 
and could potentially produce a protein that might migrate at approximately 53 kD. These 
ideas are tentative, and would necessitate extensive future experimentation, such as mutation 
of potential start codons or insertion of small in-frame epitope tags to more closely map 
which regions are translated. 
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Epitope-tag/GFP Localization Studies 
After estimating the molecular weights of the proteins produced from my 
experimental cDNA constructs, I wanted to correlate these proteins with the mAb lAl and 
mAb 6A6 embryo and cell staining patterns we had observed. In order to do this I designed a 
series of constructs consisting of Skeletor cDNAs fused to the green fluorescent protein gene, 
EGFP (shown in Figure 6-8). The first two were again cloned into the pMT vector under the 
control of the metallothionein promoter for transfection into the Drosophila S2 cell line. 
pMT-Orfla-GFP is the full-length Orfla fused to the EGFP gene at the C-terminus and pMT-
GFP-Orf2 is an EGFP N-terminal fusion of Skeletor from bp 2642- polyA tail of the 
Orflb/Orf2 transcript, which contains the fiill Orf2. 
Three constructs were utilized for transfection into the manunalian cell line CHO-Kl, 
as well as the vector itself as a control. The following constructs were cloned into the 
pcDNA3 vector, under the control of the CMV promoter: (1) mOrfla-GFP is the full-length 
Orfla fused with the EGFP gene at the C-terminus (2) mGFP-Orf2 is an EGFP N-terminal 
fusion of Skeletor from bp 2642- polyA tail of the Orflb/Orf2 transcript (3) mGFP is the 
EGFP gene (Clontech pEGFP) for use as a control. 
The expression of all of the GFP constructs was extremely rapid in transient 
transfection assays. I was able to detect expression as quickly as 4 hours post-induction (or 
transfection in the case of the constitutive CMV promoter). Two types of observations were 
made; microscopic observation and image capture of living cell expression, or observation 
and capture of images after fixation in either methanol or paraformaldehyde. I could detect 
no differences in the expression patterns between fixed and live cells, with the exception 
being the slight quenching of the GFP emission after fixation. 
As expected, the GFP-Orf2 constructs showed a nuclear localization, however, we 
were not able to detect spindle structures. Several possibilities might explain this inability to 
detect spindles. First, the transfection systems (CHO and S2 cells) may lack the context or 
accessory factors necessary for spindle formation. Second, the GFP fusion may block or 
hinder the assembly of a spindle, by either inhibiting self-association or association with 
other proteins that may be required for spindle formation. Third, the Orf2 sequence itself 
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may lack the sequences that are necessary for spindle formation; these may be contained 
within the upstream Orflb sequences, which are not contained in this construct. However, 
this experiment does show that C>rf2 contains the information necessary for nuclear 
localization, and possibly specifies localization to specific sites within the interphase nucleus. 
In S2 and CHO cells, the GFP-OrfZ localized to multiple punctate foci within the nucleus, 
shown in Figure 6-9 A-1 and B-1. At very early time points, multiple pinpoint foci were 
observed, which continued to accrue material to the point that very large circular masses 
were accumulated within the nuclei. It is possible that this level of accumulation is an 
artifact of the overexpression systems I was using, however the localization of the protein to 
multiple foci within the nucleus occurred in both cell systems, and implies specificity. This 
expression construct contained the entire Orf2 amino acid sequence fused to GFP. When the 
pMTA838 construct, which is missing the first 90 amino acids of ORF2, was expressed in S2 
cells and detected by inmiunostaining with the VS antibody, nuclear localization was 
abolished (Figure 6-9, A-2). Instead, this truncated version of Orf2 localized diffusely and 
non-specifically to the cytoplasmic space. This altered localization implies that we have 
removed the nuclear localization sequence, and supports the computer prediction of a 
bipartite nuclear localization sequence located at amino acids 24-40 of Orf2. 
The two Orfla-GFP constructs were also observed to localize to the cytoplasm as 
predicted, but not in a diffuse and non-specific manner as the truncation did. In both cell 
systems, Skeletor Orfl localized to a branching, diffuse, conduit-like structure surrounding 
the nucleus and extending throughout the cytoplasm. (Figure 6-9, A3) The concentration of 
the mass of stained material was heaviest close to the outer portion of the nuclear envelope in 
CHO cells, and spread outward towards the cell membrane three-dimensionally. Because of 
the small volume of the S2 cell occupied by cytoplasm, I was not able to determine if Orfla 
showed this same gradient effect in these cells. The intensity level of the GFP firom these 
constructs was not as robust as that of the Orf2 constructs, so fixed CHO cells were also 
immunolabeled with mAb 6A6 (Figure 6-9, B-2). This confirms that the expressed protein is 




The polyclonal antibodies Bashful and Freja, generated against two separate domains 
of the Skeletor OrfZ region both recognized a protein of approximately 81 IcD on Western 
blots of embryonic extract. Further, this 81 kD band could be preadsorbed using Skeletor-
speciHc protein, and more compellingly, could be immunoprecipitated and detected 
complementarily by both Bashful and Freja. This data is strong evidence to suggest that the 
81 kD protein recognized by these two antibodies is a Skeletor translation product. These 
studies also showed that the N-terminal Orfl-specific mAb 6A6 detected a 31 kD protein as 
expected for Orfl a, however, it failed to detect an 87 kD protein, which would be the 
predicted product of Orflb. 
Conversely, in studies employing overexpressed epitope-tagged Skeletor cDNAs, N-
terminal directed antibodies could detect a product close to 87 kD derived from "full-length" 
Orflb/Orf2 transcripts. At the same time, C-terminal directed antibodies detected a major 
product of approximately 100 kD, as well as a minor product at 57 kD, which may or may 
not be a proteolytic fragment of the larger protein. Truncated constructs produce a product of 
around 57 kD, as do in vitro transcription/translations of the "full-length" Orflb/Orf2 
transcript. This data suggests that there may be an internal ATG that is utilized under certain 
circumstances, such as expression out of the "normal" environmental context. 
Localization studies showed that Skeletor Orf2 is positioned in the nucleus as 
predicted, in multiple punctate foci. This localization is abolished upon removal of the 
computer-predicted nuclear localization sequence. GFP-Orfla fusions were located in the 
cytoplasm, as expected. The Orfla protein seemed to form a reticulated network throughout 
the cytoplasm, and was more densely accumulated at the periphery of the nucleus. Although 
these studies do not fully explain the seemingly complex and unusual translation of the 
Orflb/Orf2 transcript, they do show without a doubt that Skeletor Orf2 antibody-specific 
protein is generated, and localizes to the predicted nuclear compartment. 
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Figure 6-1. Immunoblot analysis of Skeletor and Otfla. A. Immunoblots of Drosophila 
embryonic protein extracts. Antisera (Freja and Bashful) to two different peptide regions of 
Skeletor Orf2 both identify the Skeletor protein as an 81 kD band. The xnAb 6A6, generated 
against the repeat region in Orfl recognizes a 31 kD band, consistent with the size of the 
Orfla transcript. B. Immunoprecipitation using Bashful antisera brings down an 81 kD 
protein recognized on immunoblots by both Bashful and Freja. As well, 
immunoprecipitation using Freja antisera brings down an 81 kD protein recognized on 
immunoblots by both Bashful and Freja, strongly suggesting that these two antisera, 
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Figure 6-2. Preadsorption with Skeletor-specific protein suggests that Skeletor is an 81 
kD protein in Drosophila embryonic extracts. Top: Western blots of embryonic extract 
were probed with Bashful antibody to which nothing, Bashful-specific peptide CKPT, or 
non-specific peptide KLH were added. The CKPT peptide was able to deplete the Bashful 
antibody, and the 81 kD band is no longer detected. Similarly, the Freja-specific fusion 
protein 3gexF is able to abolish detection of the 81 kD band, while the non-specific GST 
protein is not. These results suggest that the Skeletor-specific antibodies Bashful and Freja 
specifically recognize an 81 kD protein. Bottom: The same experiment using Freja antibody 
and C. elegans protein extract. Although the specific protein detected by Freja is larger (105 
kD), this band is not detected after preincubation with the Skeletor-specific 3gexF fusion 
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Figure 6-3. Fractionation of Drosophila embryos and S2 cells implicates Skeletor as 
a potential nuclear matrix associated protein. In fractionations using either S2 cells 
(A) or embryos (B), Skeletor was found to be sensitive to extraction conditions, normally 
detecting a high 200 kD band, and often an 81 kD band as well. The 200 kD protein may 
be an aggregated form of Skeletor, due to the extraction conditions used. In S2 cells, 
Freja (polyclonal) detected both the 81 kD and 200 kD proteins, as well as other spurious 
bands. Using the affinity purified Freja antibody in (B), a protein of 200 kD is always 
detected, as well as an 81 kD protein in some preparations. The affinity purified Bashfiil 
antibody consistently detects a protein of 81 kD in the nuclei and nuclear matrix 
fractions. This data suggests that the epitope recognized by Freja may be sensitive to 
extraction conditions, however, in all cases Skeletor was found to apportion to the nuclei, 
as well as the nuclear matrix fraction, implicating Skeletor as a potential matrix protein. 
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Figure 6-4. In vitro Transcription/Translation of Skeletor cDNAs. Two full-length Orfla 
cDNAs, 6211 and 9436, and two full-length Orflb/Orf2 cDNAs, 2-1-3 and CA were used to 
perform coupled in vitro transcription/translation with a rabbit reticulocyte lysate kit. (A) 
shows an autorad of the results. Both Orfla cDNAs produced a protein of 35 kD, close to the 
predicted MW of 31 kD. Both Orflb/Orf2 cDNAs produced 58 and 37 kD bands. An 
immunoprecipitation of the protein produced by the 2-1-3 cDNA using Bashful antibody, 
also produced a major 58 kD band and a minor 37 kD band, which were able to be detected 
by Bashful on Western blots (B). These results suggest that the Orflb/Orf2 cDNA is able to 
be transcribed and translated, and that the Orf2 region is contained in this product, as shown 
by its ability to be recognized by Bashful. 
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Figure 6-5. Epitope-tagged Skeletor and Orfl constructs. (A) Schematic showing the 
ORP structure of the Orfla and Orflb/Orf2 conceptual translations. (B) Epitope tagged 
constructs in the pMT-V5/His6 vector (Invitrogen), and how they align with the ORFs shown 
above. 
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Figure 6-6. Western blot results of transfection of Epitope tagged constructs into S2 
cells. Transfection of the myc and V5 tagged Orflb/OrO construct into S2 cells shows the 
production of two proteins (A). Antibodies Freja and V5, specific to the C-terminal region of 
Orf2, detect a 105 kD protein (100 kD after epitope tag subtraction). Antibodies to the N-
terminal region of Orflb (mAb 6A6 and the anti-myc antibody 9E10) detect a 90 kD protein 
(88 kD after myc tag subtraction), close to the size predicted from the conceptual translation 
of Orflb. (B) Immunoprecipitation using V5 antibody of Skel (Orflb/Orf2) from transfected 
S2 cells brings down 105 kD and 57 kD bands, which can be detected by V5 and Freja 
antibodies. These results show that this construct produces a 105 kD protein that is 
recognized by the C-terminal-specific antibody Freja, suggesting that Orf2 is translated 
through an as yet undetermined mechanism. 
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Figure 6-7. Transfection of truncated Orflb/Orf2 constructs suggests the possibility of 
internal initiation of translation. As previously shown, transfection of the V5 tagged 
Orflb/Orf2 construct (Skel) produces proteins of 105 and 57 kDs, which are also recogmzed 
by the Freja antibody. A 235 amino acid truncation of this construct produces only the 57 kD 
protein in detectable amounts when using the V5 antibody, suggesting perhaps that this 
truncation has produced a change in secondary structure, which makes available only an 
internal ATG for initiation. This 57 kD product is also recognized by Freja, as well as the 57 
kD protein produced by the 838 amino acid truncation, which begins within Orf2. This data 
suggests that Orf2 may contain an internal ATG, which is able to be utilized preferentially 
for initiation under certain circumstances, for example, when the 5' ATG is deleted. 
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Figure 6-8. Diagram of GFP-tagged Orfla and Orf2 Constructs. 
(B) GFP was fused to the N-terminus of Skeleton Orf2 and to the C-terminal of OrflA, 
both carried in the pcDNA3 vector, under the control of the CMV promoter (Invitrogen), 
and in the pMT-V5/His6 vector utilizing the Metallothionein promoter (Invitrogen). 
Constructs are shown below a schematic of the Orfla and Orflb/Orf2 structure for reference 
(A). 
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Figure 6-9. Localization of GFP and trucation constructs in S2 and CHO cells. 
A-1 (S2 cells) and B-1 (CHO cells) show the localization of the GFP-OrO protein (green) 
to punctate foci within the nucleus. A-2 shows the localization of the delta838 detected by 
the V5 antibody (green), in which the nuclear localization sequence of Orf2 has been 
removed. Nuclear localization has been abolished, leading to a diffuse, non-specific 
localization throughout the S2 cell. A-3 (S2 cells) and B-2 (CHO cells) show the 
localization of Orfla-GFP to foci within the cytoplasm, and exclusion from the nuclei. In 
the larger CHO cell nuclei, this staining appears to be a cisteraae-like matrix throughout 
the cytoplasm. (In all panels, blue staining indicates the DNA, labeled with Hoechst.) 
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CHAPTER SEVEN 
FUNCTIONAL STUDIES OF THE SKELETOR PROTEIN 
Introduction 
The ultimate objective in any characterization of a novel protein is to fully understand 
its function. Perhaps the oldest technique for understanding a protein's function is through 
observation. In our initial mAb 2A immunolabeling studies of Drosophila embryos, we 
noticed that linear arrays began to form early in prophase, aligning into the beginnings of a 
spindle structure during prophase, and culminating in a fiilly developed spindle structure by 
prometaphase. At the same time, in double labeling studies using both mAb 2A and anti-
tubulin antibody, we noted that Skeletor spindle-formation seemed to precede assembly of 
the mitotic spindle, and that the two spindles co-aligned at metaphase. We hypothesized that 
Skeletor may act as a scaffold or guide for the microtubule spindle, and based on our 
observations that the Skeletor spindle and the microtubule spindle colocalize at metaphase, 
wondered whether Skeletor might interact either directly or as part of a complex with the 
microtubules. To this end, I performed triple-labeling studies using mAb lAl, anti-tubulin 
antibody, and Hoechst dye in order to compare Skeletor both spatially and temporally to the 
chromatin and to the microtubules. A second method employed to answer questions about 
function is to perturb a protein in the same complex or pathway as the protein of interest. 
Since observation of the staining pattern had revealed the colocalization of Skeletor with the 
mitotic spindle, the microtubules were a logical target for perturbation. Thus in order to 
determine whether the Skeletor spindle was a separate and distinct structure, or if it was 
directly or indirectly interacting with the microtubule spindle, I disrupted the microtubules 
using both physical and chemical methods and then looked at what effect this perturbation 
had on Skeletor structures. Finally, by directly perturbing the function of a protein itself, one 
can analyze the resulting abnormal phenotype. The characteristics of an abnormal phenotype 
can give insight into the normal pathways or structures that the protein is associated with. To 
look at the phenotype of disrupted Skeletor function, we injected Skeletor-specific mAb 1A1 
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into syncytial embryos and followed the effect on nuclear structure by staining with the 
chromatin-specific dye Hoechst. The results of these three studies are described in the 
following chapter. 
Skeletor Spindle Formation Appears to Precede Microtubule Spindle Formation 
In order to analyze the spatial and temporal distribution of the Skeletor protein in 
comparison to the chromatin and the microtubules, triple-labeling experiments were 
performed as follows. Antibody labeling of Bouin's Fluid fixed Drosophila 0-3 hr embryos 
was performed as previously described (Johansen, 1996) using either mAbl A1 ascites 
diluted 1:10,000-1:20,000 or mAblAl supernatant diluted at 1:100. Microtubules were 
labeled using anti-alpha-tubulin antibody diluted 1:1000. IgM-specific TRTTC-conjugated 
secondary antibody and IgGl-specific FTTC-conjugated secondary antibodies were then 
employed in order to distinguish between the two primary antibodies. Finally, the samples 
were treated with Hoechst dye to visualize the chromatin. The resulting samples were then 
observed and recorded using the confocal microscope. 
Throughout interphase, the mAb 1A1 recognizes a thick and clumpy mesh work in the 
nuclear interior. At this resolution, it is impossible to determine if there is an exact co-
localization with the chromatin, however, there is overlap with the Hoechst stained material. 
During interphase and prophase, mAb 1A1 labeling also appears to be associated with the 
nuclear envelope. As prophase begins and the chromatin begins to condense, the mAb 1 Al-
labeled structures also begin to condense, save for various positions around the periphery, 
where contact is maintained giving the appearance of "spokes on a wheel". During 
interphase, there is no evidence of microtubules within the nucleus (Pederson, 1998), as our 
staining also confirms. As the cell enters prophase and the centrosomes migrate to the poles, 
the microtubules begin to collect in the cortical caps, but at this stage there is no breakdown 
of the nuclear envelope (Paddy et al., 1996). As seen in Figure 7-1, at this stage the linear 
arrays of the Skeletor structure have begun to resemble a spindle structure. In Drosophila, 
the nuclear envelope breaks down at the top first, and it is at this point the microtubules can 
begin to penetrate into the nuclear interior, however the Skeletor spindle appears to have 
already formed. At metaphase, the microtubule and Skeletor spindle have for the most part 
106 
co-localized, with the exception of the astral fibers, which are only labeled by tubulin 
antibody. It also appears that the Skeletor spindle is wider. It is possible that if Skeletor is 
acting as a scaffold for the microtubules, this feature ensures that the microtubule spindle 
will be totally supported by or within the boundaries of the Skeletor spindle complex. As 
the chromosomes are being pulled to the poles during anaphase the mitotic spindle begins 
breaking down, but the Skeletor spindle persists for a longer period of time, and then begins 
to again redistribute into two daughter nuclei. At this stage of telophase, the centrosomes 
have migrated to positions flanking the two nuclei, and both the microtubules and some of 
the Skeletor protein is lined up to form the midbodies. As the process comes to an end, the 
microtubules are again excluded from the nucleus and the Skeletor protein has once more 
formed a dense meshwork in the nuclear interior and a band around the nuclear periphery. 
From these labeling experiments we hypothesized that the Skeletor spindle appears to 
precede microtubule spindle formation, and may in fact act as a scaffold or guide for 
microtubules. This is strengthened by the observation that the Skeletor spindle persists 
longer into anaphase, and as well, may help to organize microtubules in the midbody, a time 
when the microtubules are dissociated from the centrosomes. These studies suggest that 
Skeletor is a novel nuclear component that may be important for nuclear structure during 
interphase, and may remodel to become part of an underlying structural scaffold for the 
microtubule spindle during mitosis. 
Microtubule Perturbation: The Effect of Microtubule Disruption on Skeletor Function 
Microtubules are cytoskeletal protein polymers composed of heterodimers of a and ^ 
tubulin. Microtubules exhibit two intrinsically dynamic behaviors, treadmilling (Margolis 
and Wilson, 1978) and dynamic instability (Mitchison, 1989). Treadmilling involves the net 
addition of tubulin at one end of the polymer, and the net loss of tubulin at the other end, 
although both ends are always both adding and subtracting subunits. Dynamic instability 
describes the abrupt transitions of the microtubules between phases of elongation and 
shortening (Mitchison, 1989). These dynamic behaviors are fundamental to the ability of the 
microtubules to function in interphase and to rapidly remodel into spindle and midbody 
structures during mitosis. The microtubule drug nocodazole takes advantage of these 
107 
properties by quicidy depolymerizing microtubules and preventing passage through mitosis, 
and thus is often used to study the disassembly and recovery of microtubule structures 
(Jordan and Wilson, 1998; Vasquez et al., 1997). As well, low temperatures favor the 
disassembled state of microtubules (Inoue, 1981). Consequently Drosophila embryos and 
CHO-Kl cells were treated with nocodazole or subjected to low temperature conditions in 
order to study the effects of microtubule disassembly on the Skeleton spindle as follows. 
CHO cells were grown on coverslips and treated with 10 uM nocodazole for 8 hours. 
After 8 hours, cells were either fixed immediately with -20°C methanol, or nocodazole-
containing media was replaced with fresh media. Cells were then fixed at IS-minute 
intervals, from IS minutes to 1-hour post washout. Following fixation, cells were 
immunostained with mAblAl and anti-tubulin antibody as previously described, and 
observed using fluorescence microscopy. 
Drosophila embryos were treated in two different ways to assess spindle kinetics. 
For nocodazole treatments, 0-2.5 hour collections were made and embryos were 
dechorionated using normal procedures. Embryos were added to heptane/PBS containing 10 
uM Nocodazole and shaken for 1 minute. At this point one aliquot of embryos was fixed as 
usual in Bouin's Fluid. A second aliquot of embryos was transferred to fresh heptane/PBS, 
shaken for 3 minutes, and fixed in Bouin's Fluid. A third aliquot was transferred to fresh 
heptane/PBS, shaken for 6 minutes, and fixed in Bouin's Fluid. All three aliquots were then 
processed for immunostaining as previously described using mAblAl and anti-tubulin 
antibodies, and observed using fluorescence microscopy. 
For low temperature treatments, 0-2.5 hour embryos were collected and 
dechorionated using normal procedures. Embryos were added to pre-chilled heptane and 
shaken for 1 minute, and were then moved into pre-chilled PBS/0.1% TX-lOO and rotated in 
the cold for 15 minutes. Embryos were then transferred to cold heptane/Bouin's Fluid, 
shaken for 30 seconds, and then rotated in the cold for 20 minutes. Embryos were then 
processed for immunostaining as previously described. Re-warming experiments were as 
described above, with the following modifications. After rotating in the cold 15 minutes, 
embryos were moved into room temperature PBS/0.1% Triton X-100. At intervals of 0,3, 
10, and 20 minutes embryos were moved into heptane/Bouin's Fluid and shaken at room 
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temperature for 20 minutes, followed by processing for immunostaining as previously 
described using mAblAl and anti-tubulin antibodies, and observed using fluorescence 
microscopy. 
The results I observed in embryos using either method of microtubule disruption were 
essentially the same. Both techniques were effective at disassembling microtubules, as no 
signal was observed in the FTTC channel from labeled microtubules. Upon either washout of 
the nocodazole or rewarming, the microtubule reassembly kinetics were quite rapid; 
structures were visible after as little as 5 minutes, and appeared completely normal after 15-
20 minutes. Interestingly, during the experimental periods of treatment the Skeletor 
structures did not completely disassemble, although prolonged periods of treatment would 
disrupt even Skeletor structures, most likely due to indirect downstream effects. For 
example, drugs such as nocodazole bind microtubules specifically, but microtubules are 
involved in signal transduction pathways that mediate such processes as proliferation 
(Gundersen and Cook, 1999). After treatment, when the microtubules have completely 
disassembled, mAb 1A1 staining shows that the spindle structure still remains. As seen in 
Figure 7-2, this spindle structure is clearly deformed, and appears to "sag" or take on a 
collapsed appearance, implying that although there are undoubtedly two distinct spindles, 
there is likely some interdependence between the microtubule and Skeletor spindles for 
normal morphology. We also observed that after longer periods of treatment, the mAb lAl 
staining seemed to revert back to a strong co-localization with the chromatin, perhaps having 
lost the context for spindle formation. 
In one experimental treatment of CHO cells with nocodazole (data not shown), I was 
not able to find any examples of spindle structures, however, mAb 1 Al-labeled structures 
persisted in the complete absence of microtubules. The circular foci in the nuclear interior 
were stable, though the structure that lined or was coincident with the nuclear envelope 
became deformed. As the nocodazole was washed out and the microtubules began to 
repclymerize, these Skeletor structures circling the nuclear envelope region again became 
more uniform. Again, these results suggest that Skeletor may depend on microtubules for 
proper morphology, perhaps through tension or interaction with other protein complexes. 
109 
mAb lAl Perturbation Studies: Disruption of Siceletor Function 
The dynamic distribution pattern of Skeletor, as well as microtubule disruption 
experiments indicating direct or indirect interaction between Skeletor and the mitotic spindle 
suggested that Skeletor may play an essential role in either nuclear structure and/or cell 
division. In order to gain some insight into the function of Skeletor, we took the approach of 
"knocking out" function by directly inhibiting Skeletor itself. By looking at the resulting 
abnormal phenotype, we hoped to gain some information about which pathways or processes 
involved Skeletor. The Drosophila syncytial embryo is especially well suited to this type of 
analysis, because the lack of cell membranes surrounding the individual nuclei allow 
unimpeded diffusion of injected function blocking antibodies. Antibody perturbation was 
performed precisely as described in (Johansen, 1996) by injecting 0-30 min syncytial 
embryos with either Inl of mAblAl ascites or control IgM ascites, (MOPC-104E). Embryos 
were allowed to develop for 2.5 hours, and then Hxed and stained with Hoechst dye in order 
to visualize the nuclei. Three separate investigators analyzed samples and embryos were 
scored blind as being either wild type, perturbed, or unfertilized. The results were subjected 
to the -test to determine statistical significance. 
As shown in Figure 7-3, control injections of the MOPC-104E ascites have no effect 
on embryos, which develop normally and are indistinguishable from wild type in number, 
distribution, synchronization, and morphology. Conversely, severe defects are observed in 
the mAb lAl injected embryos, in which nuclei appear to be disorganized, asynchronous, 
and abnormal. There are many fewer total nuclei in these perturbed embryos, and the nuclei 
appear out of synchrony, displaying a "disintegration" phenotype (Johansen, 1996). The 
Hoechst stained DNA often appears to have a misshapen or malformed morphology; at other 
times the chromatin appears stringy and disintegrated. 111/124 or 90 % of the embryos were 
scored as perturbed, whereas only 13/120 (11%) of control injected embryos were scored as 
perturbed. Statistical analysis shows that these differences are statistically significant (p < 
0.001). mAb lAl injection into early embryos clearly disrupts the morphology of the nuclei 
and perturbs normal development and mitosis. Although it is not possible from this data to 
distinguish between direct or indirect antibody blocking effects, we can say that perturbation 
results in an alteration of nuclear structure or a disruption of proper nuclear division. 
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Summary 
Triple-labeling studies comparing the localization of Skeletor, chromatin, and the 
microtubules indicate that Skeletor spindle formation may actually precede the formation of 
the microtubule spindle apparatus. The basic structure of the Skeletor spindle has begun to 
materialize in early prophase, a time when tubulin is still excluded from the nucleus. As 
well, this spindle persists longer into anaphase, as the chromosomes are pulling apart. In late 
telophase, Skeletor linear arrays coincide with microtubules still present in the midbodies, 
after the centrosomes have migrated to their positions with the daughter nuclei. Further, in 
embryos treated briefly with nocodazole, microtubule spindles completely disassembled, but 
Skeletor spindles persisted, although in a collapsed state. Perturbation of Skeletor structures 
using the anti-Skeletor mAb 1 Al showed an effect on nuclear morphology and division. 
Nuclei displayed a disintegration phenotype, and cell division was disrupted as evidenced 
through asymmetric division, decrease in overall numbers, and distribution. These 
observations have led to the hypothesis that Skeletor protein forms a nuclear structure that 
dynamically reorganizes during the cell cycle, and that may act as an organizing guide or 
scaffold for the microtubules, in an interdependent relationship. 
The observations described here, specifically, double immunolabeling with mAb 1 Al 
and anti-tubulin antibody, along with microtubule perturbation studies using the microtubule 
depolymerizing drug nocodazole have revealed the following; 1) Skeletor forms a spindle 
structure early in prophase, which persists into anaphase, spanning the midzone region. 2) 
The formation of this spindle appears to precede that of the microtubule spindle and is wider 
than the microtubule spindle. 3) Skeletor spindles persist after disassembly of the 
microtubule spindle, albeit in a sagging or collapsed state, implying a direct or indirect 
interaction. These observations prompted us to put forth the theory that Skeletor may act as 
an organizing guide or structural scaffold for the mitotic spindle. This idea, that there exists 
an underlying structural, non-microtubule matrix that supports the mitotic spindle is not new, 
and has been previously designated the "spindle matrix" (Pickett-Heaps et al., 1986; Pickett-
Heaps et al., 1982). The idea of the existence of a structural component between the 
kinetochores and poles that is a separate entity from the microtubules came about from 
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studies of diatom spindles in which this matrix is called a collar (Pickett-Heaps et al., 1986), 
as well as from UV microbeam studies in which UV microbeam irradiation was used to sever 
microtubule fibers. This disruption did not prevent poleward movement of the chromosomes 
(Wilson and Forer, 1988). Additionally, ultrastructural studies of the mitotic architecture 
revealed a non-chromatin filament network, which appeared to surround and interact with the 
chromosomes (Capco and Penman, 1983). Researchers hypothesized that these structures 
may be responsible for chromosome movements prior to spindle formation as well as 
reorganization of the cell during mitosis. Interestingly, they also found that removal of the 
microtubule spindle did not alter the architecture of this filament network, suggesting that the 
force exerted by the spindle during chromosome separation is superimposed on the matrix 
(Capco and Penman, 1983). Recently, in experiments utilizing the GFP-tagged kinesin 
motor protein Ned, researchers noticed that the Ncd-GFP signal extended across the region of 
the metaphase plate, a region from which tubulin is thought to be excluded (Endow and 
Komma, 1996). Although these researchers hypothesized that the Ncd-GFP forms filaments 
that extend across the metaphase plate, the possibility that they are in fact interacting with the 
spindle matrix also exists. Another group found that the nuclear proteins CP60 and CP190 
co-fractionate biochemically with the nuclear matrix, and more intriguingly, stain nuclei in a 
fibrous pattern that excludes the chromosomes. This fibrous localization pattern persists 
during metaphase, and implies that these proteins may be a part of or interact with an 
underlying nuclear structure (Oegema et al., 1997). Much support for an underlying non-
tubulin spindle matrix also comes from studies on echinodenns, where the protein tektin was 
found associated with spindles after calcium and cold treatment, which removed almost all of 
the microtubules (Steffen and Linck, 1992). Based on fractionation experiments and 
immuno-EM data, these researchers proposed that a tektin-like filament could make up one 
component of the hypothetical spindle matrix. Thus it is plausible that the spindle matrix is 
an important structure performing at least two functions, as a scaffold providing anchorage 
and structural support within the cytoplasm, and as a possible framework upon which 
microtubule motors and other microtubule-associated proteins might act to effect movement 
and reorganization of the microtubule spindle. 
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The data presented here makes the compelling argument that Skeletor is a component 
of this spindle matrix. In previous chapters it was shown that Skeletor was extracted into the 
insoluble nuclear matrix fraction. In this chapter, the Skeletor spindle was shown to be 
essential for nuclear integrity and/or mitotic function in antibody perturbation experiments. 
As well, we showed that Skeletor spindle formation appears to precede microtubule spindle 
formation, and that the Skeletor spindle spans the metaphase plate area within which tubulin 
staining is not seen. Finally, a Skeletor spindle structure persists, even after complete 
disassembly of the mitotic spindle showing that the Skeletor spindle is distinct and separate, 
and the morphological distortion of the Skeletor spindle after disassembly of the 
microtubules suggests that there is direct or indirect interaction between the two spindles. 
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METAPHASE 
Figure 7-1. Double labeling suggests that formation of the Skeletor spindle precedes 
microtubule spindle formation. Double labeling of Drosophila embryos with mAb 1A1 
(red) and anti-tubulin antibody (green) shows that at prophase, the microtubules are 
accumulating at the cortical cap, whereas the Skeletor structures have begxm to condense 
and realign. At prometaphase, Skeletor has already assembled a well formed spindle, 
while the microtubules are only beginning to penetrate into the nuclear interior. At 
metaphase, the two spindles are coextensive, with the exception of the astral microtubules, 
which are not labeled by the mAb 1 Al. This time line for spindle formation implicates 




Figure 7-2. Skeletor forms an independent spindle, wiiicii persists after microtubule 
spindle disassembly, but which may depend on the microtubule spindle for proper 
morphology. Drosophila embryos were either untreated or treated with nocodazole, 
which completely disassembles microtubules. At metaphase, the Skeletor and microtubule 
spindles are coextensive as seen in (A) in untreated embryos. mAb 1AI labels Skeletor 
(red) while anti-tubulin antibody labels the microtubule spindle (green). (B) After 
treatment with nocodazole, the microtubules are not detected, while the Skeletor spindle 
(red) persists, although it is deformed and appears to sag. (DNA is pseudocolored green, 
microtubules are not visible). This data argues for the existence of a previously uncharacter-
ized non-microtubule spindle, but also suggests that the Skeletor spndle may depend on 
microtubules for norm^ morphology. 
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control 
Figure 7-3. Perturbation Analysis. The mAb 1A1 (A3) or control IgM antibody 
(C,D) was injected into early syncytial embryos that were allowed to develop for 2.5 
hours. Fixed and stained with Hoechst. (A) Experimental embryos showed fewer nuclei, 
which appear disorganized and abnormal. (B) At higher magnification, the nuclei display 
a "disintegration" phenotype. (C,D) Control embryos appear wild type, with many 
synchronized, well spaced and organized nuclei. Analysis showed that 111/124 or 90% 
of mAb IA1 embryos were perturbed, whereas only 13/120 or 11% of control embryos 
were perturbed, analysis shows this difference is statistically significant (P<0.001). 
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CHAPTER EIGHT 
GENERAL DISCUSSION 
Monoclonal antibodies generated in our laboratory have identified a previously 
undescribed dynamic structure in the nucleus. Interestingly, Skeietor, the protein identified 
by these monoclonal antibodies, may be a novel component of the spindle matrix. This 
interpretation is supported by our findings that I) multiple antibodies generated against 
Skeietor sequences identify a dynamic, cell cycle specific nuclear structure that has many of 
the features that have been postulated for the putative mitotic spindle matrix, 2) the Skeietor 
spindle structure appears to form ahead of the microtubule spindle, suggesting that Skeietor 
may act as a scaffold or guide for microtubule spindle assembly, 3) the Skeietor spindle may 
interact with the microtubule spindle, as implied by studies in which the disassembly of the 
microtubules resulted in a distortion of Skeietor spindle morphology, and 4) perturbation of 
Skeietor has been shown to result in a disintegration of nuclear structure, suggesting that 
Skeietor may be essential for the integrity of nuclear morphology or the proper execution of 
mitosis. The analysis of the previously unidentified Skeietor protein is an important 
contribution to oiu* understanding of the structural basis of the spindle matrix, and provides 
further evidence as to its still controversial existence. 
Previous models concerning spindle structure viewed the spindle microtubule 
cytoskeleton as having two fimctions, 1) as a structure for imposing order on the 
chromosomes, and 2) directly providing the force-producing system that moves them during 
anaphase (Pickett-Heaps et al., 1997). The consensus in the literature explaining this force 
producing system invokes a mechanism by which the kinetochore motors, together with the 
microtubule spindle, are the main driving force in anaphase chromosome movement. 
However, spindle matrix models propose that the spindle microtubules serve only the first 
function, while the spindle matrix fimctions in both roles, as a structural scaffold and as a 
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traction apparatus upon which molecular motors interact with the kinetochore fibers to 
produce forces (Pickett-Heaps et al., 1997). 
Based on several lines of evidence, numerous investigators have proposed the 
existence of a spindle matrix substructure that may function as 1) a structural framework for 
the spindle microtubules, kinetochores, or poles, 2) anchorage of the spindle within the 
cytoplasm, or 3) a scaffold or tether for microtubule motor proteins. Ultrastructural studies 
have consistently identified a "spindle matrix" proposed to be made up of both filamentous 
and microtubule cross-linking proteins in the midzone, spindle poles, and midbody (Capco 
and PerunaiL, 1983; Harborth et al., 1999). As well, in isolated sea urchin spindles, an 
intermediate filament-like protein called tektin was found to maintain a spindle configuration 
even after the extraction of the microtubules, suggesting that tektin might be a component of 
the spindle matrix (Kuriyama and Nislow, 1992; StefTen and Linck, 1992). Although 
several antigens show immunolocalization patterns at the spindle midzone (Kuriyama and 
Nislow, 1992), including motor proteins that appear to maintain their positions within the 
spindle even after disassembly of the microtubules (Wein et al., 1998) or in the region 
spanning the metaphase plate where the microtubules are thought to be absent (Endow and 
Komma, 1996), little is known about the non-microtubule spindle matrix. It has been 
speculated that spindle matrix proteins play a role as early as prometaphase in organizing the 
mitotic spindle. While the growing microtubules provide directionality to the assembling 
spindle, matrix components may bind microtubules and organize them into arrays. These 
arrays can then serve as a scaffold for the motor proteins during anaphase (Wein et al., 1998). 
Skepticism about the function of the non-microtubule spindle matrix stems from a lack of 
information about its molecular composition. The analysis of putative spindle matrix 
proteins such Skeletor would have important implications for understanding the mechanisms 
of spindle function, and would challenge current views about nuclear structure and cell 
division by supporting the existence of the still controversial spindle matrix. 
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Skeletor is a Dynamic Matrix-associated Protein and is Reorganized During the Cell 
Cycle to Form a Spindle 
The newly generated Skeletor OrO-specific mAb lAl stains Drosophila embryos in 
a pattern that recapitulates the dynamic nuclear cell cycle-specific labeling seen with the 
original mAb 2A, with the exception of the centrosomal spot and chromosome staining at the 
metaphase plate. mAb lAl staining localizes Skeletor in interphase nuclei around the 
nuclear periphery, as well as internally, in a clum|^ distribution that seems to be coincident 
with the chromatin. As prophase begins, labeling shows that Skeletor is reorganized and 
moves into the interchromosomal space, complementary to the chromatin. mAb lAl also 
labels polytene chromosomes in a banded pattern, suggesting that Skeletor is chromatin-
associated, possibly part of a chromosome scaffolding complex at interphase. As well, mAb 
1A1 labels mammalian cell nuclei in a similar cell cycle arrangement, localizing to the 
nucleus in clumpy foci at interphase and forming a spindle at metaphase, evidence that 
Skeletor-like structures may be involved in cell division, and are conserved across species 
boundaries. GFP-tagged OrfZ constructs in both Drosophila S2 cells and mammalian CHO 
cells showed punctate, multi-focal expression at interphase. This pattern appears to be much 
more punctate and discrete than the endogenous localization pattern, perhaps reflecting the 
fact that this construct may not contain the entire complement of sequences necessary to 
recapitulate the endogenous staining pattern. However, it does support the hypothesis that 
Skeletor is localized to the nucleus, and may interact with particular chromatin proteins at 
interphase. Finally, biochemical fractionation studies show that Skeletor subfractionates with 
the highly insoluble nuclear matnx, found to be comprised of the nuclear lamina and pore 
complexes, nucleolar remnants, and internal matrix components (Berezney and Coffey, 1974; 
Berezney and Coffey, 1977; Fisher et al., 1982). 
This localization data, both biochemical and immunocytochemical, support a model 
in which Skeletor is localized on the surface of the chromatin territories, juxtaposed with 
chromatin-bound proteins and proteins that form a part of the interchromosomal domain 
compartment. Upon the reception of a signal for entry into mitosis (or perhaps the onset of 
chromatin condensation), Skeletor leaves its interphase domain and moves fully into the 
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interchromosomal domain compartment, complementary to the condensing chromatin. The 
interphase nucleus has been shown to be composed of chromosome territories, in which 
individual chromosomes occupy nonoverlapping regions (Kurz et al., 1996) that are 
separated by channels called the interchromosomal domain (Cremer et al., 1993; Razin and 
Gromova, 1995). Active genes have been found to be {x^ferentially localized to the 
periphery of the chromosome territories (Kurz et al., 1996), and transcription factor 
association with the nuclear matrix is thought to concentrate and localize factors to regions of 
active gene expression (Stein et al., 1991; Stein et al., 1999a; Stein et al., 1999b). It was 
originally proposed that chromatin fibers are organized into loops, which are attached or 
scaffolded on a framework composed of insoluble non-histone proteins (Mirkovitch et al., 
1984), internal to the chromosome. The channel model of Razin proposes that this nuclear 
matrix scaffold is not in the center of the chromosomes, but places the matrix proteins on the 
chromosome surfaces, lining the interchromosomal channels (Paddy, 1998; Razin and 
Gromova, 199S). Wasser and Chia have recently published data highlighting the dynamic 
nature of this interchromosomal channel domain or matrix, which includes both the surface 
of the chromosomes as well as the channel spaces. They showed that this matrix region 
expanded in response to overexpression of the EAST transgene induced by heat shock, and 
proposed a model in which EAST was a component of an expandable nuclear endoskeleton, 
occupying the interchromosomal channel domain (Wasser and Chia, 2000). I propose that 
Skeletor may be a part of a multiprotein scaffolding complex on the surface of the 
chromosomes, and upon entry into mitosis, relocalizes to complex with other spindle matrix 
proteins within the interchromosomal domain compartment. Data has shown that Skeletor is 
a component of the insoluble nuclear matrix, that it is chromatin associated during interphase 
as shown by polytene chromosome immunolabeling, and that it leaves this interphase 
configuration and moves into a space complementary to the chromosomes in early prophase. 
Skeletor May Interact with the Microtubules During Mitosis, and Forms a Spindle that 
Appears to Precede Mitotic Spindle Assembly 
Analysis of the nuclear staining pattern in Drosophila embryos double immunolabeled 
with the mAb 1 Al and anti-tubulin antibody suggests that, at a time when the microtubules 
120 
begin to penetrate into the nuclear interior, the Skeletor spindle appears to have essentially 
already formed, thus preceding formation of the microtubule spindle. At metaphase the two 
spindles largely co-localize, with the Skeletor spindle appearing to be wider, perhaps to fiilly 
accommodate interactions with the microtubule spindle and/or other spindle matrix proteins. 
The Skeletor spindle appears to span the metaphase plate, a region thought to be devoid of 
microtubules (Endow and Komma, 1996), and suggestive of its proposed role as a 
component of the spindle matrix The Skeletor spindle persists longer than the microtubule 
spindle during anaphase, and a portion of the Skeletor protein is co-localized with tubulin in 
the midbody at telophase. This dynamic spatial and temporal localization pattern suggests 
that Skeletor is acting as a part of the spindle matrix, forming a spindle template that 
functions as a scaffold or guide for the microtubule spindle. As well, Skeletor may help to 
organize the microtubules in the nudbody region, a time when the microtubules are 
dissociated from the centrosomes (Mcintosh and Koonce, 1989). Although the fimction of 
the midbody is unknown, it is thought to play a role in the partitioning of the genome and 
maintenance of cytoplasmic continuity between the two daughter cells (He et al., 199S). 
Together with ultrastructural studies providing evidence of a filamentous matrix enmeshing 
the midbody (reviewed in(He et al., 1995)) the identification and subsequent analysis of 
Skeletor as a component of the midbody matrix would substantially contribute to our 
understanding of the composition and function of this previously enigmatic mitotic structure. 
To test the theory that Skeletor forms a distinct spindle structure that is interacting 
with the microtubule spindle, 1 performed microtubule disassembly experiments using the 
microtubule depolymerizing drug nocodazole. The results show that Skeletor structures 
including the spindle persist after complete disassembly of the microtubules, albeit in a 
"sagging" configuration. This distortion of morphology implies that the presence of 
microtubules is important for the maintenance of the typical spindle shape, and points to 
either a direct or indirect interaction between the microtubules and Skeletor. 
The perturbation of Skeletor directly through the injection of mAb 1 Al into syncytial 
embryos resulted in a disintegration of nuclear structure, suggesting that Skeletor may be 
essential for the integrity of nuclear morphology or the proper execution of mitosis. These 
studies, comparison of the temporal and spatial distribution of Skeletor and the microtubules. 
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nocodazole disruption of the microtubules, and antibody perturbation of Skeletor itself 
suggest the following: (1) Skeletor is a component of the spindle matrix, the disruption of 
which appears to cause a disintegration of nuclear structure and a disruption of mitosis, and 
(2) Skeletor forms a spindle that appears to precede the formation of the microtubule 
spindle, and as well co-localizes with the microtubules in the midbody, thus acting as an 
organizing or stabilizing scaffold or guide for the microtubules. 
Molecular Analysis of Orfl and Skeletor Orf2 
Cloning of the genomic locus for Skeletor as well as multiple cDNAs spanning the 
genomic region revealed Skeletor to be encoded by a complex locus. This locus was found 
to generate two alternatively spliced transcripts; Orfl a and Orflb/OrC, confirmed by 
sequencing as well as by Northern blot analysis, which predicts two transcripts of 6.5 kb and 
1.65 kb. The complex structure of the Orflb/OrfZ transcript suggests that it may be 
classified as a dicistronic gene. 
Orflb/OrfZ is a complex transcript, encoding two overlapping reading frames, Orfib 
and C)rf2, with Or£2 contaim'ng no obvious starting ATG. Orflb itself conceptually translates 
to a protein of 87 kD, and contains several interesting sequence features, which it shares in 
common with the smaller Orfl a. Computer sequence analysis programs locate a 
transmembrane spanning domain at residues 10-24, and predict a cytoplasmic localization for 
Orfl. This prediction is confirmed for the Orfla protein, as described above. As well, Orfl 
contains a 102 amino acid repeat within the first 270 amino acids of the proteins. This repeat 
was found to have homology with C elegans and B. malayi. Although there is no known 
function associated with this repeat domain, and no clues as to fimction within the sequence, 
the conservation across species suggests the possibility that proteins containing this repeat 
sequence may be a part of an as yet uncharacterized functional family. 
Surprisingly, no endogenous 87 kD protein corresponding to the predicted Orflb 
protein has been detected on Western blots using the N-terminal Orfl-specific mAb 6A6. 
However, transfection of N-terminal myc-tagged Orflb/Orf2 constructs produced a protein 
of close to 87 kD. This protein was recognized by the anti-myc antibody as well as by the 
Orfl-specific mAb 6A6. What accounts for our ability to detect the 87 kD protein in 
122 
transient assays, but not endogenously? One possible explanation is that, in the S2 
expression system, regulatory mechanisms normally in place under endogenous conditions 
are relaxed, allowing expression of the Orflb protein. For example, trans-acting factors that 
normaily bind to the Orflb/Orf2 transcript and inhibit translation initiation at the 5' ATG of 
Orflb may not be present in the context of this expression system. Although endogenously 
this identical ATG has been shown to be utilized in the Orfla transcript, Orflb/OrC mRNA 
may take on an alternative secondary structure, potentially obstructing access to this ATG. A 
simpler explanation perhaps is that the transfection data is an accurate representation of the 
expression of this transcript, and that our failure to detect an 87 kD [M'otein with the mAb 
6A6 is because of temporal or spatial considerations. That is to say, Orflb may be expressed 
under only specific developmental conditions, or only in specific tissues. It is also possible 
that the half-life of the Orflb protein is extremely short and its expression level low, thus, we 
do not detect the protein under the conditions we have used to date. As the focus of this 
project has been the analysis of Skeletor, the protein associated with OrO expression, Orflb 
has not been extensively characterized. However, most dicistronic genes, for example mei 
217/218, are thought to encode proteins with related functions (Liu et al., 2000). To date we 
have not uncovered any evidence, such as co-localization, that would suggest a functional 
relationship between Orflb and an Orf2 containing protein. Future experiments such as 
genetic complementation studies could possibly bring to light an as yet undiscovered 
functional relationship between these two proteins. 
The Skeletor Containing Ornb/OrC Transcript is Translated by an Unconventional 
.Mechanism 
Another intriguing aspect of the molecular analysis of Skeletor is that Orflb/Orf2 
conceptually translates to two overlapping reading frames, the second of which, Orf2, 
contains no obvious starting methionine. Translation of epitope tagged constructs yields two 
products. The first, an N-terminal myc tag-containing 88 kD protein recognized by the mAb 
6A6, corresponds to the 87 kD protein product predicted for Orflb. The second is a 100 kD 
protein containing Orf2, as evidenced by its detection with the C-terminal V5 epitope 
antibody, as well as the Skeletor-specific antibody, Freja. This 100 kD product is not 
initiated at the 5' ATG of the myc-Orflb/OrC construct, as the anti-myc antibody detects no 
corresponding 100 kD protein. This data advocates two conclusions: 1) An OrO-containing 
product is made, and is able to be translated through some unconventional mechanism, given 
the existence of a frameshift in the Orflb/OrO transcript, and 2) the C)rC2-containing product 
appears to initiate internally in Orflb and to shift frames, continuing into OrC. This is 
suggested through the experimental results showing that, although Orf2 itself is only 
predicted to be 81 kO, a protein of 100 kD is produced, although it is possible that the 100 
kD protein is migrating anomalously, perhaps due to post-translational modification. As 
well, this product does not contain the N-terminal myc tag. These two factors imply that the 
100 kD product may contain some Orflb sequence, although which sequences in particular 
cannot be determined from these experiments. The apparent molecular weight of this protein 
(100 kD) is close to 20 kD larger than that of the 81 kD protein immunoprecipitated and 
detected by the Skeletor-specific antibodies Bashful and Freja. The reason for this 
discrepancy cannot be determined from the experiments done to date, however, several 
possibilities exist that might explain the difference. First, as discussed in Chapter Six, 
transfection experiments are not necessarily representative of the endogenous developmental 
or spatial context of the gene and protein being analyzed. The 100 kD product may represent 
only one possible product, and the one favored in this particular context. Alternatively, the 
81 kD product detected in embryonic extracts may have started out as a larger protein, which 
was subsequently post-translationally processed. Regardless of which explanation accounts 
for these differences, what can be said is that OrO is able to be translated, and most likely 
initiates at an internal ATG located within Orflb, or at an Or£2 upstream methionine 
followed by regulated read-through of the stop codon. How might this translation be 
explained? As discussed briefly in Chapter Six, dicistronic genes are rare in eukaryotes, but 
not unusual. In mammals, Snurf and Snrpn are made from a dicistronic transcript (Gray et 
al., 1999), and in flies, stoned, kelch, and mei 217/218 are examples of dicistronic structure 
(Liu et al., 2000; Robinson and Cooley, 1997). In kelch, regulated stop codon readthrough 
occurs, generating a major ORFl product, and a minor ORFl+Orf2 product (Robinson and 
Cooley, 1997). This mechanism is possible since ORFl and ORF2 are in the same frame. 
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separated only by an in-fhune stop codon. In the case of mei 217/218, a closer parallel to the 
Skeletor containing Orflb/OrQ, the two ORFs are in different overlapping frames, and ORF2 
contains a 5' ATG (Liu et al., 2000). The second ORF could be translated by reinitiation of 
the ribosome after translation of ORFl, but this would require not only reinitiation but also 
frameshifting upstream to the ATG of ORF2. mei 217/218 researchers have proposed that 
OrfZ may be translated by initiation at an internal ribosome entry sites (IRES), and they have 
identified a direct repeat associated with a hairpin loop that may be an entry site (Liu et al., 
2000). The Skeletor arrangement is even more complex, possibly requiring both internal 
initiation of translation and -1 frameshifting to produce a Skeletor Orf2 containing protein. -
1 fhimeshifting has been found to occur at a heptanucleotide site of the form XXXYYYZ, 
where the mRNA slips backwards by one nucleotide. As well a pseudoknot structure, a stem 
loop with the loop paired to downstream sequences is normally found to be a stimulator of-I 
frameshifting (Gesteland and Atkins, 1996). IRES are also associated with hairpin loops in 
the RNA (Sachs, 2000). Inspection of Skeletor sequences has not revealed the presence of 
these elements (A. Miller, personal communication). Another possibility for generating an 
Orf2-containing transcript is the excision of "translational introns". Translational introns are 
segments of the coding sequence that are bypassed by the translational machinery, however 
bypassing of segments greater than 55 nucleotides has not been reported (Engelberg-Kulka et 
al., 1993; Gesteland and Atkins, 1996). Even if this mechanism were to be invoked in the 
case of Skeletor, internal imtiation would still have to occur, given that it has been shown 
that the 5' ATG utilized by Orfl is not utilized by the Orf2-containing jM-otein. Thus, none of 
the existing examples of alternative translation mechanisms explain the translation of 
Skeletor OTQ in a parsimonious way. Regardless, multiple lines of evidence indicate that an 
Or£2-contaim'ng Skeletor protein is produced. The C)rflb/Orf2 gene arrangement may 
represent a complex locus whose novel mechanism of translation is as yet unknown. Given 
the recent explosion of data generated from multiple genome projects, the discovery of the 
Skeletor locus, which uses a previously undescribed mechanism of translation, may represent 
the beginning of many examples of proteins that are (M'oduced in alternative ways, which are 
not recognized by current gene finder computer programs. By studying the Skeletor locus 
and deciphering alternative rules by which genes are translated, we may be able to decode 
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other genes that were previously unidentified due to their unusual structure. Understanding 
and decoding the entirety of the genome, including genes such as Skeletor that are regulated 
and translated in alternative ways may produce new paradigms explaining gene expression. 
Summary 
In sunrmiary, based on Skeletor's dynamic staining pattern, localization and 
fractionation studies, and implied inteiaction with the microtubules, I propose that Skeletor is 
a component of the insoluble nuclear matrix, and is redirected at mitosis to form a spindle as 
a part of the spindle matrix complex. I propose a model in which Skeletor is localized on the 
surface of the chromatin territories, associated at the interface with chromatin-bound proteins 
and proteins that form a part of the interchromosomal domain compartment Upon the 
reception of a signal for entry into mitosis (or perhaps the onset of chromatin condensation), 
Skeletor leaves its interphase domain and moves fully into the interchromosomal domain 
compartment, at this point complementary to the condensing chromatin, where it begins to 
align into linear arrays, perhaps in concert with other proteins of the spindle matrix complex. 
A Skeletor spindle begins to form in prophase, apparently preceding the formation of the 
microtubule spindle, and possibly acting as a scaffold or guide for the mitotic spindle. This 
spindle is clearly separate and distinct from the microtubules, although it is interdependent at 
metaphase, interacting either directly or through other proteins within the spindle matrix 
complex. This spindle matrix may function both as an anchorage and structural support 
within the cytoplasm, and as a possible fhunework upon which microtubule motors and other 
associated proteins might act to effect movement of the chromosomes and reorganization of 
the microtubule spindle itself Future studies identifying other components of the spindle 
matrix and interchromosomal domain compartment that interact with Skeletor, as well as 
specific studies elucidating the interaction complexes and configuration of the two spindle 
structures will help to solidify this model. The discovery of a novel spindle structure that 
interacts with the microtubule spindle during mitosis has opened up new avenues for the 
study of the complex mecham'cs and regulation of cell division. 
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APPENDIX I 
cDNA CLONES OBTAINED FROM MAMMALIAN LIBRARY 
SCREENS USING ANTI-SKELETOR MONOCLONAL ANTIBODIES 
Introduction 
The monoclonal antibodies mAb 2A and mAb 1A1 identify a dynamic, cell cycle 
specific nuclear protein, Skeletor. In an expression library screen using the mAb2A an initial 
360 bp cDNA fragment was found and later identified as being contained within the fiill 
length Skeletor transcript. This fragment was then used to produce a fusion protein against 
which the monoclonal antibody lAl was generated. It is well documented that often the 
structure and function of essential genes is conserved across species boundaries (Miklos and 
Rubin, 1996). Based on the unique staining pattern of the mAbs 2A and lAl, which identify 
the Skeletor protein as a possible participant in mitotic and interphase nuclear function, as 
well as antibody perturbation studies that suggest Skeletor is an essential gene, we 
investigated the possibility that Skeletor was conserved and present in mammalian systems. 
Immunostainings of the mammalian cell lines HeLa, CHO-Kl, HK-293 and human 
fibroblasts using the monoclonal antibodies 2A and lAl show interphase nuclei containing 
scattered dense foci of differing number. At prophase, the immunolabeled structures become 
condensed and appear to localize in a pattern complementary to the chromatin, until 
metaphase when clear spindle structures that co-localize with the microtubule spindle are 
formed (See Figure 5-7). The fact that Skeletor-specific antibodies can stain mammalian 
derived cell lines suggests that the Skeletor protein may be structurally conserved across 
species, and that these antibodies may be effective tools in screens of mammalian expression 
libraries. To this end, we screened several mammalian expression libraries in order to isolate 
the Skeletor homologue. 
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Materials and Methods 
Library Screens 
Four different mammalian cell or tissue-derived libraries were used to perform 
expression screens. Human HeLa Cell (S-3) and Chinese Hamster Ovary (CHO-Kl cell) 
lambda cDNA libraries in the UniZAP XR vector (Stratagene), a Human Colon (COLO 205 
adenocarcinoma cell) cDNA library in the Lambda ZAP II vector (Stratagene), and a Mouse 
embryonic (11.5 day) cDNA library in the lambda gtll vector (Clontech). Monoclonal 
antibodies 2A and lAl ascites at dilutions of 1:3(XX) and 1; 10,000 were used to screen cDNA 
expression libraries essentially according to the procedures of (Sambrook et al., 1989). A 
total of 10^ plaques were screened at a density of 30,000 plaque-forming units/150 mm plate. 
Clones remaining positive through three rounds of antibody screening were excised to 
generate pBluescript phagemids according to the method provided by the manufacturer 
(Stratagene), or were excised from the lambda gtll vector by restriction digests of purifled 
phage, and subsequently subcloned into the pBluescript II vector (Stratagene). 
Southern Blot Analysis 
To classify the multiple clones obtained in the library screens into groups, cDNA 
subclones were digested using EcoRI-XhoI or Sacl-Kpnl to release the inserts from vector. 
Digested samples were run on 1% agarose gels, treated, and blotted to nitrocellulose 
membranes essentially according to the procedures of Ausubel (Ausubel, 1999). Based on 
digestion patterns, one clone each from groups appearing to have similar patterns was chosen 
and specific probes were generated by purifying cDNA inserts using GeneCIean (Bio 101) 
and synthesizing random primer [^^pj.jabeled probe using the Prime-A-Gene kit (Promega) 
according to manufacturer's instructions. High stringency hybridization and wash conditions 
were used for all experiments. 
Sequence Analysis 
DNA sequencing was performed using Applied BioSystem DNA Sequencer 377A at 
the ISU Nucleic Acid Sequencing Facility using conunercially available sequencing primers 
(universal and reverse primers from Stratagene) or specific primers synthesized at the ISU 
128 
Nucleic Acid Synthesis Facility based on published vector sequences. The nucleotide and 
predicted amino acid sequences were analyzed and compared with known and predicted 
proteins in the SwissProt and GenBank databases using the NCBI BLAST e-mail server, as 
well as with the Skeletor cDNA sequence. 
Results and Discussion 
After multiple library screenings using four different mammalian libraries probed 
with both monoclonal antibody 2A and lAl, no apparent Skeletor homologues were 
identified. Several possibilities may account for our inability to identify a Skeletor 
homologue. Although we know that monoclonal antibodies 2A and lAl are able to identify 
Skeletor structures in fixed manunalian cells, the epitopes they recognize may not be 
preserved in the translated products of cDNA library clones. Antibodies often recognize 
discontinuous epitopes that form not through primary sequence, but through particular higher 
order protein folding structures. Because most cDNAs are partial clones and are being 
expressed in a bacterial system, the translated products that result may not fold in a native 
configuration or may not be properly post-translationally modified. Other protein products, 
which are not recognized by a specific antibody in fixed cell staining, may be non-
specifically recognized during an expression library screen for these same reasons. It is also 
possible that since a monoclonal antibody recognizes not a specific protein, but a specific 
epitope, multiple non-identical proteins may indeed contain an identical epitope recognized 
by the same antibody. One possibility in this case is that both the monoclonal antibodies 2A 
and 1A1 are specific to a 118 amino acid region of Skeletor that is fairly acidic. Acidic 
residues, because of their charged, hydrophilic character are normally present near to the 
surface of proteins and are known to be highly antigenic. 25/118 residues (21.2%) of this 
region are acidic, with 14 found in the Hrst 26 residues of the peptide (54%). Noticeably, 
most of the proteins identified in this screen also contain highly acidic stretches of sequence. 
Of the 47 independent isolates examined, 29 fell into groups, with each different group 
containing clones from the same known or predicted gene. Of the 18 remaining clones, 6 
were unable to be sequenced or identiHed through hybridization, and 12 showed identity to 
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individual known or predicted genes in the databases. The results are contained in the 
following table (Table AI-1). 
TABLE AM 
Clone Number LIB* Ab" Scq' Hyb" HOMOLOGY 
104-la HeU lAl X Human KIAA0187, 62% Identical, 68% Positives 
Drosophila CG7728, SI% Identical, 66% Positives 
Probable Yeast Membrane Prot., 47% Id/63% Pos. 
With homology to regions of MI-2 
(see next category below) 
I14-2a HeLa lAl X 
KJ-1 Colo 2A X 
115-3a, 115-4a 
121-la, 121-2a 
HeLa lAl X 
122-la HeU lAl X Human Autoantigen MI-2,218 kD Chromodomain 
Helicase DNA-Binding Protein. 93% Identical, 
96% Positive. With homology to KIAA01887. 
115-3al HeLa lAl X 
109-la HeLa lAl X 
ml 1-2 Mouse lAl X Putative ATP-dependent RNA Helicase, Yeast 
yMR128W. DEAD Box family Helicase. 100% 
141-la HeLa 2A X C.elegans hypothetical Zinc Hnger/Ring Finger 
114-la HeLa lAl X Human KIAA0301. 100% Identical. 
Yeast Ylrl06cp, membrane prot. 41% ld/56% Pos. 116-la HeLa lAl X 
rph 12-1 Colo lAl X All homologies were over only short stretches. 
1) Putative SUDD-Iike protein 63%ID/77% Pos. 
2) Yeast Protein RIOl, probable membrane protein 
3) Drosophila CGI 1660 gene product 
rph 9-1, 18-1, 
24-1,28-1 
Colo lAl X 
109-2a HeLa lAl X 
110-la,lll-la. 
111-2a, lll-6a 
HeLa lAl X 
115-2a HeLa lAl X Human PCM-1 (Pericentriolar Material) 
79% Identical, 83% Positives 103-2a HeLa lAl X 
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Clone Number LIB* Ab** Seq* Hyb" HOMOLOGY 
8 HeLa lAl X Human putative nuclear protein AF251040 
rph 3-1 Colo lAl X 1) Human IQAAlSll 56% \6J1\% Pos. 
2) Drosophila CG10084 47% Id762% Pos. rph 16-1, 3-2 Colo lAl X 
13I-la HeLa 2A X PKC Binding Protein:RACK7, also called Human 
KIAAl 125, 79% Identical/82% Positives 142-la HeLa 2A X 
103-lb HeLa lAl X Human PDZ-73, 66% Identical/76% Positive 
105-la HeLa lAl X Human MoHalin-2 (hsp70, chaperone) 100% 
109-3a HeLa lAl X Human proteinKIAAlSlI, 38% IdV52% Positive 
84a HeLa 2A X Vicilin storage protein^4% Identical/41% Positive 
84c HeLa 2A X No matches found. 
rph 16-2 Colo lAl X Human BRCA-1,68% Identical/76% Positive 
rph 29-1 Colo lAl X Human protein AK000523, 85% Id791% Pos. 
KJ-9 Colo 2A X Human Reverse Transcriptase, 79% Idy90% Pos. 




HeLa lAl Unable to obtain sequence from rescued plasmids, 
not grouped by hybridization. 
Notes: 
* Denotes expression library used for screen. 
*• Denotes monoclonal antibody used for screen. 
# Denotes clones from which DNA sequence was obtained. 
## Denotes clones placed in groups by Southern Hybridization only. 
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APPENDIX n 
PROTEIN SEQUENCE ANALYSIS OF AN 81 KD BAND 
RECOGNIZED BY THE 
ANTIBODIES BASHFUL AND FREJA 
Introduction 
Conceptual translation of the Orflb/Orf2 cDNA sequence has revealed the unusual 
structure of the Skeletor locus. The Skeletor locus was found to date to encode two 
alternatively spliced transcripts, a smaller 1.6 kb transcript, Orfla, and a larger 6.5 kb 
transcript, Orflb/Orf2. The Orfla transcript follows a typical organization, containing a 
starting methionine and open reading frame (ORF) whose conceptual translation corresponds 
to a 31 kD protein seen on Western blots using the Orfla-specific monoclonal antibody 6A6. 
The OrfIb/Orf2 transcript however is atypical, containing two overlapping open reading 
frames; one translated to approximately 87 kD, and the second to approximately 81 kD. The 
second ORF has no obvious starting methionine, however, we have generated three 
monoclonal antibodies (2A, lAl, and 1E)4) as well as two polyclonal antibodies (Freja and 
Bashful) to sequences from this reading frame. As well, immunoprecipitation and Western 
blot analysis show that Freja and Bashful recognize a protein of approximately 81 kD as seen 
in Figure 6-1. To resolve the question of how the 81kD protein translation is initiated, an 
inununopurification followed by N-terminal and internal protein sequence analysis was 
attempted. 
Materials and Methods 
Inununopurification and SDS-PAGE 
Preparation of Protein Extracts and Immunoprecipitation 
Protein extracts were prepared from dechorionated embryos homogenized in IP buffer 
(25mM Tris pH 7.5, 125mM NaCl, 5mM EDTA, 1% Triton X-100,0.25% Sarkosyl, 0.25% 
Na-Deoxycholate) on ice and the debris was removed by centrifugation. Protease inhibitors 
were routinely added to the homogenization buffers. 
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All immunopFecipitation work was performed at 4°C with protease inhibitors (PMSF 
and Aprotinin) present throughout the whole process. Affinity-purified Bashful antibodies 
were coupled to Protein G beads conjugated to Sepharose (Sigma) by incubating antibody 
diluted in IP Buffer with the beads for 4 hours. This antibody immunobead complex was 
then ready for incubating with the antigen (protein extract) prepared above after washing 
once with the IP buffer. The protein extract was then incubated with Protein G beads 
conjugated to Sepharose for 3 hours to remove any antigens, which may nonspecifically 
adhere to Protein G beads. The protein G beads were spun down, washed with IP buffer 15 
minute/time for three times and used as a control in the following SDS-PAGE and 
irmnunoblotting analysis. The extract supernatant was then incubated with the prepared 
antibody immunobead complex overnight at 4^0. After the overnight incubation, the beads 
were spun down, washed stringently with IP buffer 15 minute/time for three times, and 
boiled for 5 minutes in SDS-PAGE sample buffer, followed by SDS-PAGE and Western Blot 
analysis. 
Western Blot and Sequence Analysis 
SDS-PAGE was performed according to standard procedures (Ausubel, 1999). 
Electroblot transfer was carried out as described by Towbin with Ix buffer containing 20% 
methanol and 0.05% SDS (Towbin et al., 1979). Proteins were separated on SDS-PAGE 
gels, transferred to PVDF membrane (BioRad), and one strip incubated with antibodies 
diluted in TBS (0.9% NaCl, 100 mM Tris, pH 7.5)/5% powdered milk at 4°C overnight. 
Filters were then washed in TBS, incubated with HRP-conjugated goat anti-rabbit or goat 
anti-mouse antibody (1:30(X)) (Bio-Rad) at room temperature for 2.5 hr, washed again in 
TBS, and the antibody complex visualized by incubation in 0.2 mg/ml DAB/0.03% 
H202/0.0008% NiCl2 in TBS. The remaining portion of the blot was stained with 
Coomassie Blue, destained, and rinsed thoroughly in deionized water. The membrane was 
then dried and submitted to the ISU Protein Sequencing Facility to obtain N-terminal 
sequence. 
SDS-PAGE and Sequence Analysis 
After immunopurification and heating at 37°C for 15 minutes, samples 
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were run on 10% SDS-PAGE gels. The gels were stained with Coomassie Blue Stain (0.05% 
Coomassie Blue R-250 (BioRad), 50% Methanol, 10% Acetic Acid)) for 1 hour, then 
destained in Destain Solution (15% Methanol, 10% Acetic Acid) for 1 hour and rinsed in 
deionized water for 1 hour. The gels were then sealed in a bag, photocopied, and shipped to 
the Wistar Mass Spectrometry and Sequencing Facility (Philadelphia, PA) in order to obtain 
internal peptide sequence. Bands of interest were excised from gels and subjected to 
proteolytic cleavage and HPLC peptide mapping. Ten selected fractions underwent Mass 
Spectrometry using Matrix Assisted Laser Desorption/Ionization TOP (MALDI/TOF) and 
were analyzed for purity and mass. Selected samples were then sequenced. 
Sequence Analysis 
Peptide sequences obtained from the sequencing facilities was compared with known 
and predicted sequences using the National Center for Biotechnology Information (NCBI) 
BLAST and Drosophila Genome Project Blast e-mail servers. 
Results and Discussion 
Three attempts to obtain N-terminal sequence and one attempt at digestion and 
internal sequencing of the 81 kD band by the ISU Protein Sequencing Facility did not yield a 
match to the Skeletor sequences. Because of the degree of uncertainty in the two sequences 
obtained, it was not possible to run database analyses on these peptide sequences. The two 
sequences are listed below for possible future reference. 
N-terminal Sequence: 
Cycle 1: A,G,SJDorK 
Cycle 2: P 
Cycle 3: G 
Cycle 4: G 
Cycle 5: Q,R,G,A or Y 
Cycle 6: Y or L 
Internal Sequence: 
Cycle 1: G,A,Q, orS 
Cycle 2: G,R or N 
Cycle 5: P 
Cycle 6: K or A 
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Cycle 3: Q or G 
Cycle 4: G,Q or E 
Cycle 7: G 
Cycle 8: Q, K or E 
Because of the low amounts of partially purified sample available, gels were sent to 
the Wistar Institute to obtain internal sequence of the 81 kD band in an attempt to positively 
identify Skeletor sequences. Blotting part of the gel to Nitrocellulose membrane and probing 
with Skeletor-directed antibodies Bashful and Freja positively identified the partially purified 
81 kD band excised from the Coomassie-stained gels. We observed two bands running very 
close together, a doublet, which was both immunopurified by Bashful and recognized by the 
two antibodies. These two bands were denoted as Skel81-Top and Skel81-Bottom. Samples 
from each band were sequenced in the belief that the bottom band may be a breakdown 
product of the top band. This did not turn out to be the case. After sequencing and analysis 
of one sequence from the top band and two sequences from the bottom band it was found that 
the two bands represent two different proteins, neither of which match the predicted Skeletor 
sequence. 
The sequence obtained fiom Skel81-Top is listed below, along with information 
obtained from the NCBI Database. 
SkelS 1-Top, Fraction 48: 1177.9 Da (9 amino acids) 
TYWIIIELK 
This peptide showed a 100% match to Human epithelial cell surface antigen, or 
Epithelial Glycoprotein (EGP). This protein is 314 amino acids with a 35 kD molecular 
weight. As this molecular weight is not close to 81 kD, this protein may represent either a 
contaminating protein, or a homologous Drosophila protein or EGP precursor, which is 
different in size from its human counterpart. 
The two sequences obtained from Skel81-Bottom are listed below, along with 
information from the NCBI databases. 
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SkelSl-Bottom, Fraction 33: 1292.3 Da (11 amino acids) 
QALTQFESLQK 
SkelSl-Bottom, Fraction 40: 1737.8 Da (16 amino acids) 
ILISSLQDTLHGIEAK 
These two peptides showed 100% matches to the Drosophila CG7185 gene product, a 
conceptually translated 702 amino acid, 78 kD protein. The 16 amino acid peptide (ILISS..) 
aJso showed an 81% Identity, 93% Positive match to the Human pre-mRNA cleavage Factor 
Im, a 551 amino acid, 68 kD protein. This protein is related to spliceosomal SR proteins. 
Although interestingly, this protein has a high proline content similar to Skeletor sequence, 
other non-matching amino acid motifs such as the SR repeats make it highly unlikely to be a 
Skeletor homologue. There are several explanations for the presence of this protein at the 
level of the 81 kD band labeled by Skeletor-specific antibodies. One is that it is simply a 
contaminant that unfortunately migrates very near to our band of interest, possible in that the 
CG7185 protein is predicted to have a molecular weight of 78 kD. A second possibility, 
given that both proteins are nuclear and can localize to dense or speckled bodies is that this 
protein interacts with Skeletor and is co-immunoprecipitated and purified along with 
Skeletor. This is less likely given the fact that both sample peaks identified this protein, 
which would seem to identify it as the major component of the 81 kD band, however given a 
strong interaction at equimolar ratios, this is possible. It would also be coincidental, however 
possible, that this protein is very close in molecular weight to Skeletor. Finally, it is possible 
that this protein folds in such a way as to have an epitope that can be recognized and 
immunoprecipitated itself by the Skeletor-specific antibodies Bashful and Freja. This is also 
a possibility given the high proline content of pre-mRNA cleavage Factor Im, which may 
induce bending and formation of similar protein secondary and tertiary structures, however. 
Bashful and Freja were not generated against the Skeletor proline rich regions. 
In summary, we failed to obtain sequence confirming that the 81 kD band is a protein 
derived from the Skeletor gene. Data collected in the future may help to explain our finding 
that the 81 kD band contains, at least in part, a pre-mRNA cleavage factor, which may or 
may not interact with Skeletor. 
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